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ABSTRACT

Microwave-Catalyst Interactions in the Reforming of Hydrocarbons
by
Steven E. Edmund

Chair: Johannes W. Schwank

Portable reforming technology for the production of synthesis gas (CO & Hy)
from hydrocarbons has the potential to be used in distributed chemical manufactur-
ing, emissions control and engine cold-start technology, as well as in portable power
generation in conjunction with fuel-cells. Catalytic reforming of hydrocarbon fuels
is frequently plagued by deactivation via carbon deposition and sulfur poisoning.
Performance further degrades when catalysts are supplied with non-ideal feed gas
compositions.

The present study examines a method of dealing with hypothetical feed distur-
bance events and resulting deactivation by irradiation of the catalyst in the microwave
band (2.45 GHz). A high temperature microwave reactor was constructed to probe
interactions of electromagnetic radiation with catalysts consisting of cordierite mono-
liths washcoated with Ni on a Ce-Zr mixed oxide. Reaction conditions were selected
to promote carbon deposition with low O/C and HyO/C ratios using propane and
ethylene as the fuel. Irradiation of active reforming catalysts was found to alter

product distributions and carbon deposition.

xviil



Experiments were conducted to probe the effects of microwave irradiation on prod-
uct distributions and carbon deposition while operating under regimes of partial-
oxidation and autothermal reforming with and without sulfur present in the form
of thiophene. Comparisons were drawn between irradiated samples and samples ex-
posed to elevated temperatures within a furnace to extract microwave specific heating
effects. The microwave-heating environment was found to exhibit unique effects de-
pendent upon the feed composition. Operation under highly oxygen deficient partial-
oxidation conditions produced similar changes in products and carbon deposition
under microwave and conventional thermal heating. Addition of water in autother-
mal reforming with and without sulfur present resulted in significant departures from
conventional thermal behavior with reduced coking and improved synthesis gas yields
when irradiated. Volumetric microwave heating was found to reduce the prevalence
of cracking and dehydrogenation products in sulfur poisoned experiments while sup-
plying energy to the typically heat-transfer-limited downstream endothermic steam-
reforming region of the catalyst.

Finally, several methods for estimating the temperature rise experienced by an
irradiated reforming catalyst are presented to gain further insight into the conditions
experienced when reforming hydrocarbons within an electromagnetic field. Under
certain conditions the catalyst temperature is estimated to increase by over 200 °C.

For the first time, data is presented on the interaction of microwaves with hy-
drocarbon reforming catalysts operating under deleterious conditions, and the results
are compared with traditional thermal heating to determine those effects attributable
to microwave specific heating effects. Microwaves were found to couple strongly to
carbon, resulting in selective oxidation of carbon deposits when sufficient oxygen is
available. Similarly, product distributions were found to change based on enhanced
steam-reforming and water-gas shift activity resulting from volumetric heating of the

catalyst and reduced entrance region temperatures.
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CHAPTER I

Introduction to Catalytic Fuel Reforming and

Microwaves

1.1 Current Energy Challenges

Concerns over energy security and energy supply are highly influential on poli-
tics, economics, and technology development within the United States and beyond.
There has been a continual drive to decrease the use of fossil fuels, driven largely by
economics but also with the looming specter of a growing consensus on the effects
of anthropogenic emissions on climatic systems. In 2010 the United States imported
49% of the crude oil consumed in the production of distillate products such as gaso-
line and diesel used primarily for the transportation and portable power markets [1].
For the foreseeable future, the U.S. is expected to continue importing large quantities
of petroleum as shown in Figure 1.1 Purchase of oil from the international market
results in a daily export of $722 million U.S. dollars per day. Additional costs of
securing global supply routes and maintaining stability throughout the world poses
a further burden on the economy. The global power of petroleum is apparent in the
number of petro-dictators, authoritarian regimes, and corrupt governments that are
supported through oil revenue [2].

In the near-future it appears that petroleum will continue to provide the vast



majority of energy for transportation systems. Despite this, there is a continuing
emphasis on technologies that will assist in making the long-term transition to sources
of energy that can reduce geo-political instability and result in an improved business
climate with certainty in energy prices and regulatory environments. While it is
unlikely that changes to the global climatic system will be entirely avoided, it is
possible that through changes in our energy systems we may avoid the worst case
scenarios.

Numerous routes to reduce dependence on imported oil have been proposed over
the years including increased use of ethanol and other biofuels, electric-propulsion,
and the transition to a “Hydrogen Economy”. It is the very scale of our transporta-
tion energy use that limits the entry of new technologies, as the momentum of over
a century of petroleum domination continues to carry the global economy forward.
Within the United States, the transportation sector used 27.63 quadrillion BTU’s
in 2010, the equivalent amount of energy consumed by 15.4 billion 60 Watt light-
bulbs over that year, 50 for each individual in the United States. While there are
opportunities for biofuels to displace part of this demand, it is clear that a simple
switch to biofuels is not possible. Similarly, with the majority of our electricity from
fossil fuel sources, there are debatable environmental benefits from using all-electric
vehicles, though a greater case can be made based on energy independence using coal
and natural gas resources to displace imported oil. While it has been well estab-
lished that there is significant off peak capacity in the U.S. that could be utilized for
vehicle charging, a complete conversion of our transportation system would require
substantial changes to the electricity grid to handle the capacity and address concerns
over global warming. There are also modes of transportation such as heavy trucking,
trains and airplanes where the high energy density of liquid fuels make them difficult
to replace with electricity (though Europe has been successful at creating vast electric

train corridors).
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Transitioning to a Hydrogen Economy has been touted as a means to bring about
energy independence, however much has been misunderstood by policymakers, the
media and the general public about hydrogens place as an energy carrier and not
an energy source. This misunderstanding, combined with a lack of long-term energy
policy has led to a reduced interest in the use of hydrogen as a future energy carrier.
Although research toward a hydrogen economy has decreased, much progress in elec-
trochemical energy conversion technology has been made. Significant research has
gone into fuel cell systems, with the goal of converting chemical energy into electrical
energy at higher efficiencies than can be obtained through traditional means of com-
bustion engines and turbines. Fuel cells have continued to mature as a technology,
and while a hydrogen infrastructure never materialized due to a myriad of challenges
including the challenge of storing compressed hydrogen, they still may play a part in
transitioning off of fossil fuels.

Part of the long-term transition away from oil involves reducing overall demand
and allowing flexibility in the use of resources. Interoperability of feedstocks, processes
and products could allow producers to more easily use the feedstock that is the
least expensive at the time or produce the product with the most value. Figure
1.2 is one example of using catalytic technology to create a flexible system with a
common synthesis gas intermediate. Synthesis gas, also referred to at syngas, is a
mixture of CO and H, that can be used as the building blocks for numerous chemical
synthesis routes as well as for power generation using fuel cells [3]. Systems have
been proposed combining biomass gasification/reforming and solid oxide fuel cells
(SOFC) with predicted thermal efficiencies of over 58% [4, 5]. Combining a reformer
and SOFC for electricity generation in an electric vehicle would constitute a truly
fuel flexible system, capable of using regionally available fuels as well as Hy generated
by renewable sources [6]. Small scale systems may be developed for flexible-feedstock

chemical or electricity production. Units for these purposes will need to be robust



and able to operate under conditions outside of those experienced by current large
scale steam reforming facilities. This work focuses on the reformer component, and a
novel means of altering its operation under less-than-ideal operating conditions with

the goal of producing a more robust system for portable applications.

1.2 Literature Review

1.2.1 Introduction to Catalytic Hydrocarbon Reforming

Chemical transformations are governed by the laws of thermodynamics, establish-
ing bounds on conversion that constitute equilibrium within a system. Thermody-
namics alone however does not describe the world as we see it; the rate at which
equilibrium is established also plays a significant role. Many reactions exhibit kinet-
ics that are too slow to be practical at reasonable conditions, or produce undesirable
intermediate byproducts. It is the goal of catalysis to lower the energy barriers for re-
actions, allowing them to be carried out at reasonable temperatures under controlled
conditions to obtain products that would not otherwise be available. Catalysts are
ubiquitous in the processing of fossil fuels and subsequent transformation into higher
value products such as plastics and paints.

Fuels such as diesel can be converted into syngas by catalytic reforming processes.
Presently syngas is produced by large-scale steam reforming plants operating mostly
on natural gas. To scale the production of syngas down and reduce the external heat
transfer load requires transitioning to an autothermal operating regime. Reaction
(1.1) is a simplification of the overall reactions occurring during reforming in which
the exothermic partial oxidation (POX) of a fuel, Reaction (1.2), is used to drive
endothermic steam reforming (SR), Reaction (1.3), for additional production of H,.
The term autothermal reforming (ATR) is applied as the feed stoichiometry may

be balanced to generate a thermally neutral process, simplifying system design and
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eliminating the need to carry water in portable applications. The water-gas-shift

Reaction (1.4), is generally considered to be in equilibrium at reaction temperatures

[7].
CpHy +x09 + (n — 2x)H0 — nCO + (n — 2x 4 0.5m)H, (1.1)
C,H,, + 0.5n0O5 — nCO + 0.5mH, (1.2)
CyHy +1nHy0 — nCO + (n + 0.5m)Hy (1.3)

The majority of the heterogeneous and homogeneous oxidation of hydrocarbons
occurs within the entrance region of the catalyst leading to high temperatures along
the front face of the catalyst. When stoichiometrically limited in O,, a significant
amount of Hy, CO and H,O are generated along with CH4 and other cracking and
dehydrogenation products [8, 9]. Thermal cracking can be quite problematic indus-
trially as non-uniform coke deposition hinders heat transfer, requiring the shutdown
of units to regenerate [10]. Oxydehydrogenation of propane has been shown to pro-
duce C3Hg, with yields decreasing as more O, is introduced, leading to greater CO,
production [9]. Little carbon is deposited within the entrance region as the presence
of Oy and high temperatures lead to oxidation of any deposits. As the concentration
of Oy decreases, thermal cracking occurs within the entrance region where tempera-
tures above 700 °C favor the endothermic cracking reactions [11]. Thermal cracking
of C3Hg has been shown to produce CH4, CoH, and CyHg with small amounts of
C3Hg decreasing with temperature [11, 12, 13]. Past the entrance region, when all
O, has been consumed, the steam reforming (1.3) and water-gas shift reactions (1.4)
are dominant. This region of the catalyst is generally much cooler than the entrance
region due to the endothermic energy demand of steam reforming. Spatially resolved

partial oxidation experiments using CH,; and Cy;Hg show the reaction of HyO pro-



duced in the entrance region with CO to produce additional Hy via the water-gas
shift reaction [8, 14]. The down-stream region of the catalyst is prone to carbon
deposition, particularly at the low HyO/C ratios used in this study [15]. Cracking
products produced within the high temperatures of the entrance region are significant
coke precursors.

Reforming of hydrocarbons is plagued by several methods of catalyst deactivation,
most notably carbon and coke deposition and the poisoning of active sites by sulfur
[16, 17, 18, 19, 20, 21]. It is well known that sulfur in a variety of forms will poi-
son many commercially available reforming catalysts at concentrations in the parts
per-million (ppm) range [16, 22, 18]. Since current petroleum supplies are increas-
ingly sulfur rich, sulfur tolerance is a necessity for future hydrocarbon processing.
Numerous studies have examined the effect of steam and oxygen concentrations on
the hydrocarbon reforming products of noble and non-noble metal catalysts. Broad
differences have been identified in the activity of different catalyst systems, however,
common to all is the propensity toward carbon deposition and sulfur poisoning un-
der non-ideal reaction conditions [16]. Industrial steam reforming operations closely
manage carbon deposition and catalyst deactivation through such practices as in-
troduction of oxygen in the feed, product recycle, high steam-to-carbon ratios, and
careful thermal management among others [23]. Within portable applications such
deactivation counter-measures may not be feasible.

Carbon deposition is a common cause of deactivation in a variety of hydrocar-
bon processing reactions (Cracking, Reforming, Dehydrogenation, Fisher-Tropsch).
Carbon and coke deposition (i.e. coking) are significant issues in reforming reactions
when insufficient oxygen in the form of Oy or H5O is available for the oxidation of
carbon to CO. Coke deposition results from the cyclization and polymerization of
cracked and partially dehydrogenated hydrocarbons resulting in their condensation

as an encapsulating coke [23]. Carbon could be considered as fully dehydrogenated



coke, however it forms via alternate mechanisms. Helveg et al. show the formation of
carbon nanofibers to be the result of changing nickel morphology and carbon diffusion
across the surface, with nickel step sites being particularly active [24]. Many mor-
phologies of carbon are observed on autothermal reforming catalysts including carbon
nanotubes, fibers, and sheets, any of which may have embedded metal particles [25].
The overall effect of coking is to decrease the effectiveness of the catalyst through
encapsulation, coating, or by lifting the catalyst particle off of the surface resulting
in loss of the catalyst from the reactor. Coking results in diffusion limitations and if
left unaddressed can fully clog a reactor or cause the disintegration of supports due
to mechanical stresses from the growing carbon filaments [21].

Coking and sulfur poisoning may both be addressed on-stream through altering
the reactor temperature and gas composition [26, 27]. To remove carbonaceous de-
posits, the reactor is fed Oy to oxidize the carbon. Similarly Hy is supplied to sulfur
poisoned samples under high temperatures to reduce sulfur and drive it from the
surface. Both techniques may be effective, however coke oxidation is limited by poor
heat and mass transfer and the reduction of sulfur requires significant quantities of
reductant at high temperatures. Ideally one would like to quickly and selectively heat
the catalyst surface to oxidize carbon and to provide an increased thermodynamic
driving force for sulfur desorption. A novel regeneration system is also needed for
portable applications wherein a reformer must be capable of rapid self-regeneration
while maintaining functionality. The issues described herein could all benefit from
the ability to volumetrically heat a catalytic system quickly. This work will explore
whether microwave radiation will selectively interact with a catalyst to affect the
operation of carbon and sulfur poisoned samples.

Microwaves were chosen for exploration based on their specific location within
the electromagnetic spectrum. Photocatalysts are a popular area of research as the

photon energy of ultraviolet light is on the order of bond energies (3.1+ eV). Unfor-



tunately, the penetration depth of ultraviolet light in most materials is only a few
microns, eliminating the possibility for volumetric effects. Microwaves have far less
energetic photon energies on the order of 1073 eV, however they are able to pro-
vide a volumetric effect not attainable at other frequencies, excluding high frequency
ionizing radiation.

The use of microwaves to influence reforming catalysis holds particular promise
due to the differing interaction of microwaves with the solid phases present [28, 29].
At reforming temperatures microwaves have no effect on the gas or absorbed species
present. Microwaves interact with and dissipate energy within the solids according
to their dielectric properties, specifically their dielectric loss factor. The bulk of a
catalyst is generally a ceramic support with low dielectric loss, rendering it effectively
transparent to the microwave field [30, 31, 32, 33]. The catalytic phase consists of
small metallic particles that have a much higher dielectric loss and therefore absorb
microwave energy very strongly [34, 35, 36, 37]. Many forms of carbon deposited dur-
ing reaction are conductive and are strong absorbers of microwave frequency energy,
with a high dielectric loss factor [38, 39, 40]. Microwaves are able to influence the
system by introducing energy at the catalytic sites and within the growing carbon
structures in order to effect chemical transformations.

Within the body of this work, nickel (Ni) is used as a model reforming catalyst to
study the effects of microwave band irradiation on the reforming of C3Hg and CoHy
under conditions of low O5 and H,O that favor carbon deposition and reduced syngas
yield. Much research has focused on the use of precious metal (Pt, Ru, Rh) catalysts
due to their often superior catalytic properties, however those metals are over three
orders of magnitude more expensive then Ni, and in far shorter supply [21].

Previous work has investigated the catalyst-free plasma based reforming of hydro-
carbons [41, 42, 43, 44, 45, 46, 47, 48]. The present study focuses on coupling the

microwave field to the solid phases present, supplying energy to specific structures
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within the catalyst and avoiding plasma formation. Primary goals of this research

include:

Furthering the understanding of carbon deposition under harsh reforming con-

ditions

e Examining the effects of microwaves on catalyst morphology and activity

Exploring the use of microwaves to remove carbon from operating reforming

catalysts

Exploring the interaction of microwaves with a sulfur poisoned system

In the course of this work an emphasis is placed on observed changes in product
distributions and carbon deposition under microwave irradiation. Where possible, ex-
periments are conducted to determine those effects that are unique to the microwave
heating environment and those that can be attributed to more traditional modes
of heating within a furnace. A substantial amount of knowledge was also gained
regarding the design and construction of reforming reactors, catalyst washcoating
techniques, high temperature kinetic measurements and various means of estimating
temperature within electromagnetic fields. In collaboration with Ford Motor Com-
pany a project was undertaken to study high temperature CO oxidation kinetics in
washcoated monolith catalysts. This work is included in Appendix A, complimenting
the work in this thesis by exploring the possibility of obtaining kinetic and washcoat

diffusion data in monolith based samples at high space velocities.

1.2.2 Background of Microwave Heating

Microwaves are electromagnetic waves 1 mm to 1 m in length corresponding to fre-
quencies of 30 GHz to 300 MHz. The most common frequency for microwave heating

is 2.45 GHz used in household microwave ovens, however many industrial processes

11



also operate at 915 MHz. When an electromagnetic wave comes into contact with
a material the electric field component may be reflected, absorbed or transmitted.
Reflective materials tend to be bulk metals with many free electrons, however it has
been widely shown that micron and sub-micron metal particles are strong absorbers
of microwaves [49, 40, 50]. Microwave transparent materials tend to have low con-
ductivities associated with members of the glass and ceramics family [34]. Microwave
absorbing materials consist of all those with properties between an ideal conductor
and an ideal insulator.

Microwaves are widely applied in industrial processes where they can result in both
improved processing times and reduced power use [34]. Microwaves can be generated
at 85 - 94% electrical efficiency and then directed and applied in very specific and
efficient ways [51]. Several advantages of microwave processing including rapid heat
transfer, volumetric and selective heating, uniformity of heating, fast switching on
and off, compact equipment, high power densities, as well as low maintenance and
service costs [52, 53, 54, 55]. These advantages are contrasted with the poor heat
transfer characteristics of traditional heating techniques amplified by the low thermal
conductivity of gases and many catalyst supports. Because of the many advantages of
microwave heating, there have been over 4,000 publications looking at the application
of microwaves to organic synthesis [56].

An understanding of microwave-material interactions begins with the complex
permittivity, also known as the complex dielectric, €* = ¢ — je’, in which ¢ repre-
sents the storage of energy in the form of a reactive response or displacement currents
and €’ the ability for the material to dissipate energy. Heat generation by microwave
irradiation is a result of the material storing energy in the form of heat, €’ is thus
frequently called the dielectric loss factor. A more complete picture regarding the

heating characteristics of any material is obtained from the ratio of these two param-
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eters termed the loss tangent.
"

tand = < (1.5)

¢
Dielectric loss is a function of frequency, temperature, chemical composition, size
and geometry as well as adsorbed surface species. Obtaining the average electric
field strength, FE,,,, within a microwave cavity from Maxwell’s equations, the power
dissipated in a model material may then be obtained by Equation (1.6) where f is the
operating frequency [34]. Further information on solutions to the Maxwell equations
for microwave applications may be found elsewhere [29, 52, 57]. If the material of
interest is a strong conductor, Equation (1.6) may be approximated by Equation

(1.7), where o is the electrical conductivity.

Pp =21 feoe’ B2 (1.6)

rms

Py =0oE? . (1.7)

Microwave heating occurs due to two primary physical phenomena, dipolar re-
orientation and conductive heating. Heating of liquids generally results from the
polarization and phase lag between dipolar molecules (e.g. water) and the applied
electrical field. Conversely, in highly constrained polymer or solid systems, where
molecules are not free to rotate, dipolar heating is generally not of consequence.
Ionic solids heat due to the motion of electrons moving with the electric field. Mate-
rials with many free electrons heat well, as do many ceramics at high temperatures,
leading to thermal runaway in some systems [57]. When heating nm sized metal
particles there is also the issue of quantum mechanical effects altering thermal and
electrical properties from the bulk phase values.

In addition to the above mentioned microwave heating phenomena, there are many

other processes occurring. The complex permeability may be significant when dealing
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with magnetic metals such as Ni. Maxwell-Wagener interfacial heating, possible sur-
face plasma formation and penetration depth effects resulting in attenuation of the
electric field must all be considered in a thorough analysis of microwave effects. Ad-

ditional information on these phenomena may be found elsewhere [52, 59, 51, 34, 60].

1.2.3 Microwave-Material Interactions

While bulk metals reflect most microwave energy, it has been known for some time
that metal powders heat well under microwave irradiation [61, 37, 49]. Heating rates
of Ni powders have been reported in excess of 3,000 °C s~!, leading to their use in
sintering operations [49, 28, 50]. Viau et al. show that 60 - 250 nm Ni particles interact
with the magnetic component of an electromagnetic wave significantly at 2.45 GHz
with only a weak dependence on particle size [35, 36]. Small metallic particles have
been shown to interact more strongly with the applied electromagnetic field at higher
frequencies, however the relative transparency of other materials also decreases with
increasing frequency [62]. As a result, a frequency of 2.45 GHz was chosen for study
based on the availability of inexpensive and efficient generation and transmission
equipment necessary in any future industrial implementation of the technology.

Carbon has long been known to be strong absorber of microwave radiation and is
used on the exterior of stealth planes to reduce their radar signature. A composite of
Ni and carbon has even been proposed as a microwave absorbing material [38]. When
working to purify carbon nanotubes of Ni-Y catalyst impurities, Harutyunyan et
al. observed that under high microwave power levels most of the carbon was oxidized
[40]. When the power was reduced, they were able to heat the nm catalyst particles so
that carbon adjacent to the surface was oxidized with the carbon nanotubes remaining
intact. Temperature programmed oxidation peaks show a shift to higher temperatures
after microwave treatment, consistent with the carbon adjacent to the surface being

removed. Research into the regeneration of diesel soot traps by microwave irradiation

14



shows that the removal of carbon by microwaves takes less time than with conventional
heating methods [63, 39, 64]. Furthermore, the addition of Fe/V/K and Cu/V/K
catalysts to the soot traps resulted in improved heating and lower energy requirements
compared with their un-catalyzed results [65]. Further work has examined the design
of microwave susceptible oxidation catalysts for diesel soot control finding reduced
deactivation under microwave irradiation when compared with conventional heating
[66]. Microwave frequency dielectric measurements have been used to measure carbon
content on diesel soot filters and it is suspected that this work may lead to similar
capabilities of measuring carbon present on reforming catalysts [67, 68].

In a microwave regenerated reforming system the desorption of sulfur is highly
desirable to maintain catalyst activity in sulfur laden fuels. Ibe et al. examined the
effects of microwave radiation on sulfur adsorbed to a Pt-Ba NOx storage reduction
catalyst [26]. Under microwave irradiation, desorption of sulfur was found to occur
at temperatures below 200 °C while it is reported that desorption normally occurs
at temperatures above 600 °C. Such a drastic difference in temperatures is likely
the result of selective heating of sulfur adsorbing sites and inaccurate temperature
measurement, in an unevenly heated sample. Similarly Zhang et al. observed in-
creased conversions in the catalytic reforming of methane with carbon dioxide over
Pt, consistent with the formation of hot-spots on the catalyst and the inconsistencies
of temperature measurement [69]. Difficulty in measuring temperature and the re-
sulting improper reporting of results is common in literature. Thermodynamics will
dictate the lightoff temperature of a reaction on a surface, therefore when studies
report lightoff at reduced temperatures under microwave irradiation it is indicative
of local hotspots within the sample [70, 71, 66]. These hotspots have been shown to
be less prone to poisoning by SOy on LaggCeyoMnO3 perovskite, methane oxidation
systems [72].

Apart from bulk heating properties, adsorbed species also exhibit heating char-
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acteristics proportional to their liquid phase permittivity [73]. In multi-component
systems, differences in dielectric loss of adsorbed species can alter adsorption equilib-
riums and can be used to preferentially adsorb/desorb selected components [74, 70].
Microwave removal of sulfur may be enhanced by the modification of surface groups
or by the addition of secondary components among other variables including par-
ticle size, gas phase composition and microwave field intensity [75]. Absorption of
microwave energy by absorbed species and any resulting changes in absorption equi-
librium would be most visible at lower temperatures than are generally observed in
this study.

It is expected that microwave heating will have a similar effect on dispersion
as observed in conventional sintering processes [76]. Several studies have alleged
improved catalyst performance after microwave calcination [77, 78, 79]. Some papers
have reported permanent changes in catalytic behavior, however little explanation
has been provided for such effects [80, 81]. Studies showing both greater activity and
reduced coking in the isomerization of 2-methylpentane do not offer detailed analysis
of why these phenomena occur, but agree that the exposure to microwaves generates
a, "different structure and reactivity” with little analysis of the catalyst surface itself

82).
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CHAPTER II

Microwave Effects on Carbon Deposition and

Product Distributions

2.1 Introduction

Portable reforming technology for the production of synthesis gas (CO & Hy)
from hydrocarbons has the potential to be used in conjunction with fuel-cells, dis-
tributed chemical manufacturing, emissions control and engine cold-start technology
(83, 3, 6, 84]. Presently, syngas is produced by large-scale steam reforming plants
operating on natural gas. To scale the production of syngas down and reduce the
external heat transfer load requires transitioning to an autothermal operating regime
wherein the exothermic partial oxidation of the hydrocarbon (1.2), is paired with the
endothermic steam reforming reaction (1.3). Pairing of these two reaction pathways
into autothermal reforming (1.1) simplifies system design and eliminates the need to
carry water in portable applications.

Carbon deposition in industrial steam reforming is managed by the introduction
of small amounts (vol.%) of oxygen in the feed. In a similar manner, the catalyst is
kept in a reduced (active) state by either introducing a small amount of Hy in the
feed or recycling some of the product. When considering the use of a reformer within

a portable application, it may not be possible to adjust the feed gas composition,
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and thus alternate methods of altering the system performance are presented in this
work. Photocatalysis has received much attention as photon energies are on the
order of bond energies, however a major disadvantage are the geometries required
to get a significant flux of photons to the catalytic surface. A reformer operating
at high temperature is typically within a tin-can configuration, not conducive to
photocatalysis. Microwaves provide an alternate means to volumetrically introduce
energy given the proper catalyst design. The major disadvantage of microwaves as
compared with photocatalysts are the relatively low photon energies on the order
of 0.001 eV, requiring heating effects to play a major role in coupling of microwave
irradiation to chemical reactions rather than direct electron exchange mechanisms.

To investigate the high temperature reforming of hydrocarbons in the presence of
microwave frequency radiation, a novel high temperature microwave reaction system
and corresponding catalysts were developed. Reactor development was based on the
design of a flexible system capable of handling liquid and gas feeds with fast switching
for reliable startup and shutdown. Operation of a catalyst system under irradiation
necessitated the use of a high temperature microwave applicator paired with a furnace
to pre-heat the feed. Positioning of the furnace also allowed for operation of the system
in the conventional furnace heated mode.

Catalyst formulation was based on the constraints of operating under high tem-
perature irradiating conditions, where extreme coking and high temperature (T >
700 °C) excursions may occur. The support material must have a lower dielectric
loss than the catalyst so that the majority of the microwave energy is coupled to the
catalytic phase. In order to minimize EM field attenuation across the catalyst as well
as to reduce back pressure due to coking, a cordierite monolith support was utilized
[85]. Cordierite monoliths are used heavily in automotive and environmental appli-
cations where high thermal stability is required [86, 87]. Use of a system similar to

those used industrially is insightful as microwave-material interactions can be highly
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influenced by the geometries of a sample. For a catalytic phase, nickel (Ni) supported
on a mixed ceria-zirconia oxide (Ceg75Z0.2502) was chosen based on previous fuel
reforming work with Ni as a catalyst combined with the oxygen storage ability of
Ceg.7520.2502. Past work has examined catalysts consisting of Ni and Ceg 75Z¢.2502
impregnated on cordierite monoliths [21, 20, 88, 89]. A major drawback with this
technique is the presence of nickel within the cordierite pore structures leading to
coking and disintegration of the monolith. In the interest of a stable catalytic system
in which the initial spatial relationship of nickel with regards to cordierite and CZO
is well controlled, washcoating was pursued.

Washcoating is a well-developed industrial practice, however each system is unique,
requiring procedural development and testing. A procedure for ball milling of cata-
lysts consisting of Ni impregnated on Ceq 75702502, and subsequent washcoating onto
cordierite monoliths was established based on work in similar systems [90, 86, 91].
Within the washcoat slurry, a variety of binders, temporary binders and dispersants
were used to alter the adherence of the washcoat to the monolith [90, 92, 76, 91, 93].
Tests were conducted to determine the effect of various additives on washcoat adhesion
as measured by weight loss after 1 hr of submersion in a sonicated acetone bath [91].
In order to produce a washcoat with good adhesion properties the Ni/Ceq 75702502
is milled to 2-10 pm. Particle sizes were examined by zetasizer (Malvern Instru-
ments Zetasizer Nano) and scanning electron micrograph (Philips XL30 ESEM) to

determine optimal ballmilling time.

2.2 Experimental

2.2.1 Preliminary Experiments in Microwave Cavity Operation

Preliminary investigations into the use of microwaves to influence catalytic reform-

ing systems involved the use of a consumer grade multi-mode microwave cavity to
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carry out carbon removal experiments. A brief attempt was made at the construction
of a single mode chamber, however both the multi-mode and single mode cavities were
unable to provide the reliability and repeatability desired, nor could they operate in
the temperature regime required.

Lack of experimental precedence for the regeneration of catalytic reforming sys-
tems by microwave irradiation led to the performance of several proof of concept
experiments for the removal of carbonaceous deposits. Samples of coke covered cat-
alysts were exposed to microwaves in the presence of air using a modified consumer
microwave oven (Sharp Model #R-202EW, 2.45 GHz) containing a water load to re-
duce magnetron heating. The catalysts tested consisted of 4 - 16 wt.% Ni impregnated
on cordierite monoliths, some samples of which also contained 23 wt.% CZO. Car-
bon deposition was performed previously by autothermal reforming of dodecane [21].

Heating rates in excess of 100 °C s~*

were observed in the microwave, with temper-
ature programmed oxidation revealing 50 wt.% less carbon present after microwave
treatment. Using a household microwave oven was moderately effective at the proof
of concept stage, however the multi-mode cavity results in an unstable electric field
intensity that changes with loading and time [94].

In the interest of generating a consistent and reproducible microwave field for
experimentation, a short foray into the construction of a single mode microwave
cavity was attempted. A resonant cavity was designed based on the work of Metaxas
et al. resulting in the magnetically coupled twin cavity design shown in Figure 2.1
[94]. Although functional, it lacked the ability to tune the cavity and thus impedance
mismatches resulted in poor energy transfer to the sample and overheating of the

magnetron. Subsequently an industrial microwave system was purchased as described

in section 2.2.3.
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Figure 2.1: Magnetically coupled twin cavity TE mode microwave cavity design. (A)
External view and internal field distribution. Sizing of the cavity and iris
are dependent upon loading characteristics which dictate the waveguide
wavelength. (B) Completed cavity made of aluminum with magnetron
removed from left side of waveguide. (C) Completed system installed

using a consumer microwave power supply.
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2.2.2 Catalyst Preparation

Catalysts used in this study consist of cordierite honeycomb monoliths (Dow Corn-
ing 400 cpsi 6 mil) washcoated with material consisting of 10 wt.% Ni supported on
Ceo.75Z0.0502 (Ni/CZO) to a final washcoat loading of 20 + 2.4 wt.%. Monoliths
minimize pressure drop during high coking experiments, and disperse the catalyst
spatially, reducing electromagnetic field inhomogeneity due to conduction losses and
runaway heating of the catalyst. High nickel loading was deliberately used to in-
crease the propensity toward carbon formation. Ceg 757202502 is prepared by the
co-precipitation of Ce(NOs); - 6 HoO and ZrOCly - 8H,0 in de-ionized (DI) water
using a 4 M solution of NH;OH. Subsequently the slurry is filtered, washed with DI
water and calcined at 900 °C in air for 2 hours. Nickel was added via incipient wetness
impregnation with Ni(NO3)s — 6H20O in DI water to achieve 10 wt.% Ni on CZO. The
Ni/CZO was then calcined in air at 900 °C for 2 hours.

Washcoat preparation consisted of crushing Ni/CZO to less than 120 mesh and
adding to DI water for a final concentration of 37.75 wt.% Ni/CZO, 0.5 wt.% Hy-
droxyethylcellulose (temporary binder, to increase viscosity and aide in suspension of
solids), 1.25 wt.% 30 - 60 nm Yttria Stabilized Zirconia, Inframat Advanced Materials
(binder) and 0.5 wt.% Duramax D-3005 Dispersant, Rohm and Haas. The mixture
was milled with 300 5 mm diameter Zirconia balls at 58 rpm for 4 h. Cordierite mono-
liths were cut into pieces 1 ¢cm in diameter and 2 ¢cm in length followed by calcination
at 900 °C in air for 4 h. The washcoating slurry was prepared by adding DI water to
the previously ballmilled media, reducing the solids concentration to 20 wt.%. Mono-
liths are washcoated by briefly immersing a monolith into stirring washcoat slurry
and blowing out excess liquid with compressed air. Monoliths are then dried at 110
°C for 2 h before calcination in air at 500 °C for 2 h. Washcoating was repeated until
the sample has reached a washcoat concentration of 20 wt.%. Before use, coated

monoliths were calcined in air at 900 °C for 2 h followed by reduction in Hy at 600
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°C for 1 h. Acetone sonication was used to verify washcoat stability. Calcination
temperatures were chosen to exceed temperatures experienced during operation, to

ensure that catalysts were thermally stabilized prior to use.

2.2.3 Flow Reactor Description

Reforming experiments were carried out using a custom single-mode microwave
reactor. The system consists of a vertically mounted Carbolyte clamshell furnace
mounted above the sample chamber of a microwave waveguide (Gerling Applied Engi-
neering Inc. 2.45 GHz 1.8 kW Continuous-wave). The microwave system is equipped
with a 3-stub tuner, sliding short circuit, forward and reverse power meters and cir-
culators to control forward and reverse power transmission while maintaining a stable
magnetron frequency. The system was operated in a down-flow configuration to pre-
heat the feed and catalyst by forcing hot-air from the furnace into the microwave
chamber. The catalyst was loaded onto a constriction within a 1/2” O.D. quartz
tube. To ensure that pre-combustion does not occur within the furnace, an 1/8”
O.D. quartz tube is inserted into the 1/2” tube to carry the reductants through the
heated zone, separate from the oxidizer. Once through the furnace, the two streams
meet on a bed of 1/8” quartz rod fragments to ensure thorough mixing, followed by
a bed of quartz wool directly on top of the catalyst, ensuring an even flow of gas
through all channels. Reactor pressure was maintained at 3.5 £ 0.5 psig.

Requirements for a tunable and reliable microwave system led to the design of
the aforementioned system. Schematics of the system as constructed are shown in
Figure 2.2A. Major features include the capability to feed both gases and liquids,
fast switching via a 4-way valve to ensure consistent startup and shutdown, heated
vaporization lines as well as reaction zones within the furnace and microwave cavity.
Figure 2.2B is a more detailed schematic of the microwave system with a photograph

of the system shown in Figure 2.3. The microwave delivery system consists of a 1.8 kW
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continuous-wave power supply, magnetron head, forward and reverse circulators with
variable forward attenuation, power monitor, tuning stubs, custom copper applicator
port with water cooling and a sliding short circuit to terminate the chamber. All of
these components are used to generate and control the delivery of microwaves while
monitoring power delivered to the sample. Water cooling is provided for several of
the microwave components with air cooling supplied to the optical pyrometer. To
pre-heat the microwave sample chamber, air is injected into the furnace and forced
downward around the sample tube.

With multiple users in lab, the reactor system was designed to be flexible for use
on multiple projects. To ensure user-friendly operation and repeatability, automation
was used in the form of a Programmable Logic Controller (Eaton ELC-PLC). The
use of a PLC allowed the incorporation of safety protocols within the Ladder Logic
to ensure safe operation in the event of communication failure with the computer or
power outage, as well as the incorporation of low-level safety interlocks. Experimen-
tal Procedures may be entered into the computer to produce consistent results and
automate routine tasks such as catalyst reduction.

Use of a PLC allowed for more analog outputs than data acquisition boards from
National Instruments generally supply, allowing for the complete automation of gas
and liquid flow controllers as well as control over the furnace set points and microwave
power settings. Digital inputs are used for an emergency stop button as well as a flow
sensor to ensure that cooling water is flowing before the microwave can be enabled
along with microwave status detection. A hard-wired control box positioned outside
the hood has a master power switch as well as indicator lights and a user-specified
warning alarm. With an Internet connection the system may be monitored and
operated remotely. 1/O available in this system include 8 Thermocouple channels, 10
analog outputs, 10 analog inputs, 12 digital inputs and 12 digital outputs. Custom

serial device drivers were written to communicate between Matlab and the PLC over
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modbus protocol and have been published online [95].

2.2.3.1 Microwave Operation

Completion of the microwave reactor and data logging systems allowed for the
measurement of forward (transmitted) and reverse (reflected) power within the mi-
crowave cavity, the difference of which is adsorbed by the sample and sample chamber.
The cavity is tuned using tuning stubs and a sliding short circuit to maximize ab-
sorption while minimizing reflection, effectively coupling the maximum of the electro-
magnetic field with the sample.

Several catalysts consisting of Ni impregnated on cordierite monoliths were fabri-
cated to verify operation of the microwave cavity in accordance with expected trends
in material properties. Ni impregnated in cordierite is extremely prone to coking.
Figure 2.4A displays a fresh monolith, unused catalyst, as well as catalysts after 5, 20
and 60 minutes of propane partial oxidation at a gas hourly space velocity (GHSV)
of 30,000, O/C of 1.0 and furnace temperature of 500 °C. Carbon growth within
the cordierite pore structure quickly compromises the structural integrity, leading to
monolith disintegration. Figure 2.4C shows the relative adsorbed power of a 4 wt.%
Ni impregnated on Cordierite sample pre- and post-POX (5 minutes Propane/Air
GHSV = 30,000, O/C = 1.0). Carbon deposited on the catalyst has a high dielectric
loss and is easily measured, providing a possible means of measuring carbon content
on-stream. Using this method of measurement the dependence of absorbed power
on Ni weight loading was examined in Figure 2.4B. Beyond very low loadings the
relationship is essentially linear, consistent with a weak dependence on particle size
at frequencies of 2.45 GHz [62]. At a Ni loading of 2 wt.%, absorbed power readings
were below the limit of detection for the system. Low power absorption suggests that
microwave heating of the catalyst may prove difficult as heat transfer away from the

metallic Ni particles may prevent a substantial temperature rise. Several experiments
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were carried out to determine if samples experienced sufficient absorbance at low tem-
peratures to overcome heat losses and initiate lightoff. It was found that 9 wt.% Ni on
cordierite was required to induce lightoff by microwaves alone. The ability to quickly
initiate reactions by microwave irradiation could potentially benefit some industries.
Within automotive emissions control, shaving seconds off of lightoff can result in
significant emissions reductions. Other experimenters using adiabatic reactors often
use methane, hydrogen, or an external blowtorch to start their systems, though this
information rarely makes it into the literature. In addition to quickly initiating reac-
tions, experiments have shown the ability for oxidized catalysts to be reduced using
microwave heating without additional thermal input. Oxidized catalysts absorb far
less power than a reduced sample, making it more difficult to heat and limiting the
procedure to high metal loadings or particularly high dielectric loss materials.
Experimental runs using cordierite blanks confirm no blank activity with a furnace
pre-heat of 600 °C, corresponding to a sample pre-heat temperature of 250 °C. Gas
flow was controlled by MKS flow controllers with DI water fed via syringe pump
and vaporized in heat-traced lines prior to entering the furnace. Gases were routed
through a 4-way valve for fast startup and shutdowns in the desired atmosphere.
Temperature measurements were taken using type-K thermocouples when possible,
however use of a thermocouple in the presence of a microwave field was not possible.
An optical infrared (IR) temperature sensor (Raytek TX) was employed to measure
the external temperature of the catalyst and was calibrated to the sample emissivity
before use. The system is controlled via a Programmable Logic Controller (Eaton
ELC-PLC) slaved to a computer using a graphical user interface within Matlab® to

handle data acquisition and control [95].
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Figure 2.4: (A) Catalysts with varying levels of coke deposition from propane partial
oxidation (GHSV = 30,000, O/C = 1.0 Furnace = 500°C). (A1) fresh
cordierite monolith, (A2) fresh reduced catalyst, (A3) 5 minutes POX,
(A4) 20 minutes POX, (A5) 60 minutes POX. (B) Absorbed power of a
4 wt% Ni impregnated on Cordierite sample pre and post partial oxidation
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microwave power as a function of impregnated Ni loading on Cordierite
monoliths.
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Table 2.1: Operating conditions for POX and ATR experiments.
POX Conditions ATR Conditions

GHSV 65,000 86,762
0/C 0.47 0.47
H,O/C 0.0 0.50
Air Flow, mmol min—! 56.4 56.4
Propane, mmol min—! 10.1 10.1
Ethylene, mmol min~! 10.1 10.1
Water, mmol min~! 0.0 25.6

2.2.4 Reaction Conditions

The prepared catalysts were tested for activity in the reforming of a propane-
ethylene mixture under varying levels of irradiation. Two significant metrics employed
in describing the feed of a reforming system include the atomic oxygen-to-carbon
ratio, O/C, and the water to atomic carbon ratio, HO/C. From these ratios one
can compute the respective quantities of Oy, HyO, and fuel present. Experimental
conditions were chosen to examine catalytic performance and carbon deposition under
harsh operating conditions. A mixture of 50 mol.% Propane and 50 mol.% Ethylene
was used as the fuel to simulate a high coking feed. Using these metrics and air
as the source of Oy, the equilibrium product compositions were determined via an
adiabatic Gibbs free energy minimization within ASPEN Plus®. Figure 2.5 shows
the equilibrium production of Hydrogen as a function of the O/C and H,O/C ratios.
The two marked points represent experimental conditions used in this study with
their respective adiabatic operating temperatures. Experimental conditions are well
outside those of optimal yield, containing far less total oxygen than previous studies
[96, 14]. Table 2.1 describes the experimental conditions studied of partial oxidation
and autothermal reforming, henceforth referred to as the POX and ATR conditions.
As all experiments were carried out adiabatically, the quantity of Oy and fuel was
kept constant while performing experiments with and without steam to provide a

sufficient exotherm as to not extinguish the reaction.
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feed temperature of 250 °C as calculated by ASPEN. Species considered
in the Gibbs free energy minimization include: Hy, H3O, Os, Ny, CHy,
CyH,y, CoHy, CoHg, C3Hg, C3Hg, CO and COs.

For each experiment a single monolith 0.76 + 0.025 g (1.57 cm?®) was loaded into
the flow reactor capable of exposing samples to controlled levels of microwave radia-
tion (0 - 900 watts). All tests were performed a minimum of three times with fresh
catalysts over reaction periods of 15 minutes. This length of time was chosen based
on the coking characteristics of the POX system as shown in Figure 2.6. Carbon
mass increases quickly at first, followed by a slower growth of carbon on the sample.
Experiments of longer duration and/or of greater microwave power are possible, how-
ever complicating factors arise from the onset of plasma formation at high microwave
power settings and long times. Carbons conductive nature is beneficial in assist-
ing its removal by microwave, however it also leads to the formation of conduction
paths that generate localized high voltage gradients leading to dielectric breakdown
of the surrounding gas. In addition to conducting forms of carbon, carbon black is
also a strong microwave absorber. Protruding geometries downstream of the catalyst

such as ‘dimple’ supports in a quartz tube were found to be particularly effective at

inducing plasma formation under high coking conditions.
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Figure 2.6: Coking behavior of Ni/CZO/Cordierite catalyst under POX conditions.
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2.2.5 Reactor Startup and Shutdown

Pre-reduced monoliths were loaded into the reactor, blanketed by Ny, and the fur-
nace ramped to 600 °C to achieve a catalyst pre-heat temperature of 250 °C within the
microwave cavity. Light-off is initiated using a three stage process to simultaneously
raise the catalyst temperature while maintaining a rich mixture outside of the upper
flammability limit. First, Hy (53.6 mmol min~!) is combusted with air (14.3 mmol
min~!) for 4 minutes, raising the catalyst temperature to ~ 460°C. Secondly, C3Hg
(19.9 mmol min~') is reacted with air (132.1 mmol min~!) for 1 minute to further
pre-heat the catalyst above 700 °C. It has been verified that no carbon is deposited
during the startup phase of propane partial oxidation by TPO analysis. Finally the
experimental mixture described in Table 2.1 is fed to the catalyst. Startup under
net-reducing conditions ensures that the nickel is reduced when experiments begin.

At the end of an experiment, reactions are extinguished under N, to preserve the
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state of the catalyst and cooled to room temperature before removal. Monoliths are
bisected for observation, crushed and mixed for analysis to ensure uniform sampling.

Blank runs were performed with no conversion observed.

2.2.6 Analysis of Reforming Behavior

Reactions were monitored for selectivity and activity under the prescribed con-
ditions, simulating short-term deleterious operation. Pseudo steady state conditions
are established within the first few minutes with the subsequent concentration infor-
mation used for analysis. The reactor effluent passes through a 0 °C trap to remove
water before sampling by a Mass Spectrometer (MS, Ametek Dycor Proline) scan-
ning an m/z range of 1 - 50. Calibration was performed using multiple calibration
gas standards to determine relative ionization intensities around the concentrations
of interest. Calibration data was combined with electron ionization data from the
NIST Chemistry Database [97] in an adaptive mass spectrum deconvolution program
to track the concentrations of: H,, HO, Oy, Ny, CHy, CoHsy, CoHy, CoHg, C3Hg,
C3Hg, CO, CO,, and Ar. Additional information on the MS calibration is available
in Appendix C. Due to the removal of water from the effluent, quantification of water
produced or consumed in the reaction was not possible. Total effluent flow is calcu-
lated using Ny as an internal standard. Yields and conversions are calculated on a
molar basis according to Equations (2.1) to (2.12). Maximum synthesis gas yield, Y,
is frequently used as a metric of system performance. Within this study, conversion of
the fuel is kept low and thus synthesis gas yield alone is not a sufficient performance
metric. Due to the low amount of O, supplied, reactions 1.1 to 1.4 are severely sto-
ichiometrically limited leading to the formation of many intermediate cracking and
dehydrogenation products. Equilibrium calculations such as those shown in Figure
2.5 were obtained for adiabatic and isothermal reactor operation for comparison with

experimental results. The system under consideration operates adiabatically above
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the pre-heat temperature, however incomplete conversion and substantial heat loss
leads to a lower than expected exit temperature and decreased yields compared with

equilibrium predictions.

FH out
Y, — 2 2.1
2 4 X FCgHg,’in + 2 X F02H47in ( )
F ou
Yeo CO,0ut (2.2)

3 X FC3Hg,in + 2 X FCQH4,’£TL

FHQ,Out + FCO,out
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2.2.7 Catalyst Characterization

Samples were characterized by single-point BET Ny physisorption on a Quan-
tachrome ChemBET instrument to obtain measurements of physical surface area.
Samples were degassed at 300 °C for 3 h before Ny physisorption at 77 K. Metallic
surface area and dispersion measurements were performed by Hy chemisorption using

a Micromeritics ASAP 2020 instrument. Samples were degassed under vacuum at 300
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°C, followed by reduction in flowing Hy at 600 °C. Measurements were taken at 35
°C, obtaining two complete isotherms to determine the quantity of strongly adsorbed
hydrogen, thereby calculating the number of exposed metallic sites.

Temperature programmed oxidation (TPO) and reduction (TPR) experiments
were performed gravimetrically using a TA instruments Q500. Samples were initially

L'to

heated to 120 °C to remove any adsorbed water before ramping at 7.5 °C min~
850 °C in 60 scem of air or 20 vol.% Hy in Ny with a balance purge of 40 sccm Nj.
TPO is used as a means to observe and quantify carbon deposits, with TPO and TPR
used to observe the oxidation-reduction behavior of Nickel and the CZO support.

X-ray diffraction (XRD) was performed on powdered samples using a Rigaku
12-kW high intensity rotary anode generator with a Cu Ka source. A graphite-
diffracted beam monochromomater removed Kp3 radiation. XRD patterns for the
various components of the catalyst system are shown in Figure 2.7. The use of
cordierite as a support introduces many peaks to the XRD spectrum making analysis
of peaks associated with graphitic structures difficult to identify. Nickel particle size
determination by XRD yielded large errors due to overlapping peaks.

Scanning electron microscopy (SEM) was employed to observe carbon morpholo-
gies using a Philips XL30FEG SEM instrument.

Raman analysis was performed to observe changes in carbon morphology by mon-
itoring the peaks attributed to more and less crystalline carbon around 1590 and
1380 cm ™! respectively. Peaks were integrated and their respective ratios reported
to gauge changes in the morphology of carbon present. Analysis was performed on a

Lambda Solutions, Dimension P1 Raman system.
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2.3 Results

2.3.1 Partial Oxidation Experiments

Figure 2.8 shows the results for the partial oxidation of a mixed feed of propane
and ethylene over monolith supported Ni/CZO catalysts with and O/C ratio of 0.47
and HyO/C ratio of 0. Data presented are average values of multiple trials with
error bars representing the greater of the standard deviation between trials and the
propagation of error within the system as described in Appendix D. Steady state
concentrations were taken between 4 and 15 minutes of operation for each individual
run. Conversions and yields are plotted with respect to the measured transmitted
(forward) power in the microwave cavity with 0 W indicating that the microwave
source was not used. Microwave power is used as a proxy for the electric field strength
(V. m™!), as the former is a measurable system parameter and the latter changes
based on the catalyst dielectric properties over time but is more descriptive of the
local electromagnetic field. Within all experiments reflected power remained high,
resulting in a standing wave pattern in the microwave applicator with high electric
field strength. Conversion of the feed hydrocarbons, Figure 2.8A, exhibits an increase
in the conversion of propane and a corresponding decrease in ethylene conversion
with increasing microwave power. Product yields, Figure 2.8B-C, exhibit trends of
increasing CH, C3Hg and Hy with increasing microwave irradiation. CO also increases,
however only after an initial drop, while CO; yields steadily decrease. The majority
of shifts in product compositions occur below 400 W, with little change observed
beyond that level of power input. Power absorption by the sample is provided in
Figure 2.8D. Only forward and reflected power is measured, requiring calibrations to
determine the power absorption by the cavity walls and sliding short circuit leading

to the reported uncertainty.

37



(A)

(B)

1 0.5 T T
‘ o H, Yield
0.9} - 04511 o o Vield
T 4| - CO,Yied
0.8 * 0. C.H_ Yield
3 i T 36
0.7} ‘ 0.35f" P
S 0.6/ 03[ ¢ b od K 4
e}
-g 0.5 S 0.25 i) (% (%
: 6 ® . 4 5 poP g
O 0.4} 5 . o2fdd O R
0.3} 0.15}
0.2 ; 01} 7% 5
C_H, Conversion
o' 4 3 3 3 3|
0.1 (% o C4H, Conversion 0.05} ' *
1 1 1 1 1 0 n 1 1 1 1
0 200 400 600 800 0 200 400 600 800
Microwave Power (W) Microwave Power (W)
(€) (D) x 107
0.1 T T 3
‘ o CH, Yield
0.09¢ o C,H, Yield ,
008l C,H, Yield 5
0, Yield @
S
0.07¢- x *
iR 2
0.06 =
D 2
9 0.05¢1 o 1.5¢
> o &
0.04¢ E@ @] : : § «
| LR T B -
0.03t : : )
@ <
0.02} : : INEEN
O ) o O 0.5 ¥
0.01 B o
0 ET L% K3 I ¥ I O ¥ L L L L
0 200 400 600 800 0 200 400 600 800

Microwave Power (W)

Microwave Power (W)

Figure 2.8: POX Results: (A) Conversions, (B-C) Yields and (D) Power absorbed by
the catalyst as a function of the applied forward power.

38



2.3.2 Autothermal Reforming Experiments

Results from experiments involving the ATR of a mixed feed of propane and ethy-
lene with an O/C ratio of 0.47 and H,O/C ratio of 0.5 are shown in Figure 2.9. In
contrast with the POX results presented above, changes in product distributions con-
tinue to occur at irradiation levels greater than 400 W. Conversion of CoH4 remains
near unity while conversion of C3Hg increases from 0.15 to 0.62. Hy and CO yields
shown in Figure 2.9B increase with increasing levels of irradiation while CO4 de-
creases. Yields of CH, and C3Hg, Figure 2.9C, remain low with only a small amount

of propylene detected. Absorbed power is provided in Figure 2.9D.

2.3.3 Temperature Programmed Oxidation and Reduction

Representative TPO peaks for samples having undergone POX operation are
shown in Figure 2.10A. Of note is the shift in peak position with increasing irra-
diation along with the decrease in carbon present on the sample demonstrated by
Figure 2.11. POX conditions resulted in the deposition of over 8 wt.% carbon within
the 15 minute experimental period, a value that was reduced to 4 wt.% on irradiated
samples. ATR TPO peak positions, Figure 2.10B, exhibit a similar shift to higher
temperatures under ATR conditions as observed in POX cases. Shifts in TPO peak
position indicate a change in carbon morphology, however under ATR conditions
there is little change in the quantity of carbon present. The addition of water to the
feed increases total available oxygen for the removal of carbon, resulting in the base
case condition of 0 W accumulating less than 1.5 wt.% of carbon.

TPR was utilized in conjunction with TPO to observe changes in the catalyst post
reaction. Figure 2.12 displays representative TPR data for catalyst having undergone
reaction in POX and ATR conditions before and after oxidation to remove carbon
and increase the clarity of the TPR features. Post reaction TPR features of POX

and ATR systems Figure 2.12A-B, exhibit a similar trend of slightly increasing peak
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Table 2.2: Raman carbon analysis: Peak area ratios and standard deviation on mea-
sured values.

MW Power (W) POX D/G Ratio ATR D/G Ratio

0 1.84 + 0.55 1.53 £0.11
250 1.31 £ 0.05 1.41 £ 0.06
400 1.20 £ 0.07 1.36 = 0.21
900 1.23 £ 0.20 1.18 £ 0.07

position with increasing levels of irradiation, however above 400 W the POX TPR
feature is no longer present, indicating that during reaction the catalyst remains
fully reduced. Under ATR conditions, with additional oxygen available, the catalyst
remains slightly oxidized. TPR of POX samples after TPO, Figure 2.12C, exhibit a
shift in metallic feature reduction at 275 °C to higher temperatures with increasing
irradiation levels consistent with the metallic phase being slightly sintered. The same
trend was not observed in samples exposed to ATR conditions, Figure 2.12D, likely
due to the lower overall temperature of operation reducing the degree of sintering.
Increasing levels of radiation exposure also correspond to less O5 storage by CZO as
indicated by the reduction in the CZO peak around 600 °C generally associated with

surface oxygen.

2.3.4 Raman Analysis

Raman spectra of crushed catalysts were analyzed for features at 1590 cm™! asso-
ciated with graphitic carbon structures (G band), as well as at 1380 cm™! associated
with amorphous carbon (D band). Taking the ratio of the D/G bands provides a de-
scription of the level of crystallinity within the sample. Both POX and ATR samples
indicate an increase in carbon crystallinity with increasing microwave irradiation as

shown in Table 2.2.
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Table 2.3: Chemisorption Results: Dispersion, Metallic surface area and Crystallite
size for selected conditions.

Dispersion % Crystallite
diameter nm

Fresh catalyst 0.56 £ 0.06 182 £ 22
Post reaction POX 0.40 £ 0.12 262 + 80
Post reaction POX 400W  0.46 + 0.20 274 + 178
Post reaction POX 900W 0.36 + 0.06 278 £+ 47
Post reaction ATR 0.25 £+ 0.01 406 £+ 4
Post reaction ATR 400W 0.41 + 0.02 249 + 11
Post reaction ATR 900W  0.50 &+ 0.05 203 + 3

2.3.5 Surface Area Measurements

Single-point BET Ny physisorption measurements determined the physical sur-
face area of blank cordierite monolith and CZO supports to be 0.26 & 0.02 m? g1
and 11.8 & 0.2 m? g~! respectively. Addition of 10 wt.% Ni to CZO decreased the
accessible surface area to 6.8 £ 0.1 m? g=!. Coated catalysts have a final surface
area of 1.19 4 0.04 m? g~!. Post reaction physical surface area measurements show
no significant change with reaction conditions. Metallic surface area measurements
were performed using Hy chemisorption on reduced Ni/CZO samples to determine the
availability and size of nickel particles. Table 2.3 summarizes the findings with only a
small difference between fresh catalyst and those exposed to POX conditions. Under
ATR conditions the presence of microwave radiation maintains the nickel dispersion
of the catalyst much better than under zero-irradiation conditions, where nickel par-
ticle sizes increase considerably. Irradiation appears to retard the effects of sintering
in the ATR system. Alternatively, the change in dispersion may be the result of loss
of Ni nano particles from the reactor due to carbon filament and nanotube growth

under non-irradiated conditions.
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2.4 Discussion

Observed changes in product distributions and coking behavior of POX and ATR
systems exhibit trends that do not follow simple expectations for a system approach-
ing equilibrium. A significant challenge in catalytic microwave work is the lack of
direct temperature measurement by thermocouple. Incomplete conversion, and the
inability to directly measure temperature stymie interpretation. Numerous studies
have proposed unique abilities of microwaves to influence reactions in ways not re-
producible within traditional heating environments. To gain insight into the elevated
temperature experienced by a reforming system operating under microwave irradi-
ation, product distributions were compared with those obtained by increasing the
system temperature within the heated zone of a furnace. Performing furnace tem-
perature comparisons allows for the determination of what observed trends may be
attributed to furnace reproducible thermal effects and what effects are unique to

microwave irradiated environments.

2.4.1 Elevated Sample Temperature Composition Comparison

Sample temperatures were increased by placing catalysts within the furnace and
increasing the set-point temperature above the standard pre-heat temperature of
250 °C within the microwave waveguide. Within the furnace the catalyst containing
section of quartz tubing was wrapped in quartz-wool to prevent the formation of hot
spots due to radiation from the furnace heating coils. Catalysts are subsequently
run under standard POX or ATR conditions while monitoring the effluent concen-
trations and temperature, from which a comparison can be made with compositions
obtained under microwave conditions. The maximum furnace set-point was 550 °C.
Higher temperatures were not attainable within the furnace due to pre-combustion
of the feed. Figure 2.13 is an example of the method used to fit microwave data

to furnace obtained values in POX and ATR experiments. Furnace conversions or
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yields are plotted as a function of exit temperature as measured by a thermocouple
placed within a thermowell directly below the catalyst in the center of the reaction
tube. Table 2.4.1 contains the exit temperatures observed under each condition, with
“Waveguide” indicating that the reaction was carried out in the microwave chamber
without irradiation. An extrapolation of the trend observed in the furnace data is
then used to match with microwave data. In certain instances the microwave data
fits the trends observed under traditional heating quite well; this behavior may be
considered traditional thermal effects.

By matching the furnace and microwave yields for each component as demon-
strated in Figure 2.13, Figure 2.14 is the effective temperature experienced by each
component in a microwave field as compared with a furnace heating environment.
Species used in the comparison to obtain average values indicated include Hy, COs,
CHy4, CoHy, CyHg, C3Hg and C3Hg for POX conditions and Hy, CO, CyHs, CoHy and
C3Hg for ATR experiments. Other species are present at too low of concentrations
to be used in this comparison, or the trends in microwave and furnace data differ,
preventing a direct comparison. From Figure 2.14A, the relative temperatures expe-
rienced by reaction pathways leading to each product can be inferred. For example, it
would appear that the dehydrogenation pathway to produce C3Hg appears to be at a
higher effective temperature at any given power level than the production of Hy. The
low effective temperature of Hy may be the result of promoted methanation reactions
leading to the higher than average effective temperature for CH, which increases in
concentration with temperature. Under ATR conditions with water present a wider
range of effective component temperatures are observed as shown in Figure 2.14B.
Similar comparisons may be made between component effective temperatures under
ATR conditions. Pathways producing CO and consuming C3Hg are promoted under
microwave heating while the effective temperature of CO, decreases, indicating differ-

ences between microwave and furnace heating. COy’s effective temperature decreases
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Table 2.4: Catalyst exit temperatures recorded under each operating condition. Un-
certainty on values is + 12 - 21 °C.

Condition POX °C ATR °C
Waveguide 550 273
Furnace 350 °C 647 606
Furnace 450 °C 684 632
Furnace 550 °C 726 678

as a result of CO, yields declining with increasing microwave power while within the
furnace environment COy yield increases with temperature. Greater disagreement
among ATR component effective temperatures compared with POX conditions in-
dicate that the microwave heating environment is having a unique effect upon the
system.

Within each reaction system an average value of the component effective temper-
atures was used for subsequent comparison of data. Despite excluding species whose
trends with temperature do not match, variance across the species examined led to
significant uncertainty in the reported value.

Carbon deposition during reaction under elevated furnace temperature conditions
was analyzed for comparison with irradiated samples as shown in Figure 2.15. Irra-
diated samples are plotted against the estimated effluent temperature shown in Fig-
ure 2.14. Carbon deposited under POX conditions displays similar trends between
modes of operation, with irradiated samples containing slightly more carbon on aver-
age. ATR conditions show a divergence of trends, with furnace samples increasing in
carbon content with increasing temperature, while irradiated samples maintain a low
quantity of carbon. This would suggest that under ATR conditions the mechanism
for maintaining low quantities of carbon is not a bulk thermal, but rather a microwave
specific effect.

SEM analysis shows significant nanotube growth under 0 W conditions as shown
for ATR experiments in Figure 2.16A. Carbon nanotube quantity visibly decreased

with increasing microwave irradiation under POX and ATR. Even under ATR condi-
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Figure 2.16: SEM micrographs of samples having undergone ATR reaction exposed
to 0 W (A) and 900 W (B) of microwave irradiation.

tions where the total quantity of carbon is unchanged, nanotubes were not visible after

irradiation, Figure 2.16B. This finding would suggest that microwaves act to prevent

of remove bulk carbon nanotubes, but leave behind other forms of coating carbon less

apparent in SEM analysis. Samples subject to furnace heating were found to contain

significant quantities of carbon nanotubes, highlighting the ability for microwaves to

transfer energy into carbon structures leading to their preferential oxidation.

2.4.2 Microwave Specific Effects

Reactions carried out within the furnace have been used as a means to artificially
increase the sample temperature for comparison with irradiated samples. Certain
species exhibit similar trends under traditional heating and microwave heating. In
other instances trends in measured compositions under microwave irradiation depart

significantly from trends observed in the furnace, leading to what may be considered
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more microwave specific effects. It is significant to note that those species departing
furnace trends differ between POX and ATR conditions.

Under POX conditions only CO and CyHs exhibit differing trends between mi-
crowave and furnace heating. CO production under microwave irradiation, Figure
2.17A, remains low compared with furnace results. CsHsy, Figure 2.17B, shows an
initial decrease under irradiation before increasing above furnace levels, possibly due
to greater thermal cracking within the differentially heated catalyst. The magni-
tude of variation in these species is small and likely the result of changes in catalyst
temperature profile.

ATR irradiated conditions resulted in CO, CHy, CoHg and C3Hg departing furnace
trends with CO, and C3Hg shown in Figure 2.17C-D. No CHy or CoHg was observed
in furnace ATR experiments, however under increasing levels of irradiation, increased
cracking led to small levels of each product with peak yields of 0.003. CO, yields
decreased substantially consistent with the WGS equilibrium at higher temperatures.
C3Hg yields increase, presumably due to greater dehydrogenation of propane constant
with an increase in the downstream catalyst temperature.

In all cases where trends do not match it does not appear that further increases
in the furnace temperature would result in the observed microwave yields. As noted,
experiments were not able to probe higher temperatures due to pre-combustion. This
demonstrates the ability of microwave heating to add energy into the catalyst and not
the gas phase, reducing homogeneous combustion. Using microwaves we are able to
force the operation of the reformer into regimes not accessible by traditional resistive
heating.

Power dissipation within the microwave cavity was monitored by forward and
reverse directional couplers to obtain the rate of energy absorption by the sample
shown in Figures 2.8D and 2.9D. Power dissipation ranged from 2 - 47 MW m~2 with

absorption generally increasing with the applied forward power. Samples exposed
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to POX conditions exhibit a high initial slope in absorbed power before plateauing
above 400 W, consistent with product yields and temperature estimations showing
a plateau in temperature at high power levels. The POX cases reach a point at
which the energy input is balanced by heat removal from the system leading to flat
power absorption and no further change in product distributions. ATR cases exhibit
a general increase in absorbed power with increasing microwave field that does not
trail off. Changes in product distributions are observed across all power levels tested
and product based temperature estimation points to a linear increase in temperature
with forward power. Within ATR there is the additional energy sink of endothermic
steam reforming that allows for additional energy to be dissipated within the catalyst
and gives the appearance of higher temperatures when compared with traditionally
heated samples.

There exist certain operational constraints that limit the maximum furnace tem-
perature and microwave field strength (applied power) that a catalyst can be exposed
to. In the case of furnace experiments, operation at temperatures greater than 550 °C
lead to pre-combustion of the feed. Microwave heating of the catalyst is limited by the
onset of plasma formation at power levels above 900 W of transmitted power. These
two conditions represent the upper limit of operation within this system. Compar-
ison of the efluents at each of these extremes provides insight into the extremes to
which the system can be forced under traditional heating and microwave heating en-
vironments as well as the differences between these two modes of operation. Rates
of product formation and fuel utilization for POX and ATR conditions at the upper
limits of furnace temperature and microwave irradiation are shown in Figure 2.18
along with the base-case 0 W rates. A slightly increased rate of Hy and CO produc-
tion is observed in the furnace heated POX experiments with little overall variation
in the observed rates at each extreme. When compared with the 0 W case a shift

is observed from CO, to CO production along with additional Hy formation, with
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furnace heating resulting in the greatest syngas production. Operation under ATR
conditions demonstrate the potential gains of providing energy by microwaves into a
system where the endothermic steam reforming reaction is not fully utilizing the feed
components. Comparing the 0 W case to the upper limits of furnace and microwave
operation there is a stark increase in Hy and CO production along with a greater
utilization of C3Hg. Microwave heating in particular is able to increase Hy and CO

production above what is viable in the furnace while decreasing COq production.

2.5 Conclusions

Exposure of reforming catalysts to microwave irradiation during operation under
non-ideal operating conditions has been demonstrated as a means to reduce coking
and alter product distributions. Experiments under conditions of partial-oxidation
and autothermal reforming of a mixed propane/ethylene feed have been used to probe
microwave interactions in a plasma-free operating regime. Subsequent experiments
were performed with catalysts run at elevated temperature within a furnace to deter-
mine which effects can be accounted for by a simple increase in the reaction tempera-
ture and those that are microwave heating specific. Early work led to the generation of
several University of Michigan technology disclosures and a pending patent described
in Appendix B.

POX experiments show little change in total syngas production with increasing
levels of irradiation, consistent with the limited availability of oxygen. A substantial
increase in cracking and dehydrogenation results in a net increase in ethylene as well
as additional propylene and methane formation. Some of the additional methane
produced may be the result of methanation of carbon deposits heated by microwaves.
Physical and metallic surface area measurements indicate no significant sintering of
the support or catalytic materials under POX conditions. Changes in post reaction

carbon TPO profiles indicate that microwave radiation is interacting with the carbon
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present in such a way as to favor its reaction with the gas phase and subsequently
reduce the quantity remaining on the catalyst despite limited supplies of Oy in the
feed. Shifts in TPO peak positions are typical of exposure to higher temperatures
and a change to more graphitic or crystalline carbon as confirmed by Raman analysis.
Further, the observed decrease in CO, may result from its reduction over carbon at
high temperatures in addition to increased WGS activity. Based on TPO peak posi-
tion, power measurement and temperature estimation within the system, it appears
that increasing the microwave field above 250 - 400 W does not have a significant
benefit to the system. The maximum increase in catalyst temperature was estimated
as 170 °C under irradiation.

Introduction of water in ATR experiments demonstrate the capacity of microwaves
to introduce energy and drive endothermic reactions, substantially increasing syngas
yield. Yields of cracking and dehydrogenation products, small under normal opera-
tion, further decrease when irradiated. Physical surface area measurements show no
change in the support surface area. The introduction of microwave radiation main-
tained metallic surface area near initial values while the non-irradiated case saw a
50% decrease in dispersion. Carbon deposition remained low under ATR conditions
but was not significantly affected by the introduction of microwaves. All samples
contained the same amount of carbon, suggesting that an equilibrium amount of car-
bon forms under ATR conditions that is not influenced by changes in microwave field
strength. Similar to POX conditions, a shift in TPO peak position is observed with
little change above 250 W. Temperature within the ATR system appears to increase
linearly with applied microwave power up to 900 W. Higher microwave power levels
were not used due to the propensity for plasma formation at higher field strengths.
The maximum increase in irradiated catalyst temperature was estimated as 220 °C.

Much of the microwave utilization literature attempts to determine the origin of

observed changes in the system as being microwave specific or explainable by tradi-
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tional heating methods. Trends in carbon deposition and product yields under POX
conditions can generally be accounted for by elevated furnace temperature experi-
ments, with the slight exception of CO and CyH,. The limited availability of Og
greatly constrains operation and the absence of HoO limits the endothermic energy
demand in the downstream portion of the catalyst. Increasing the system temperature
by microwave or furnace thus have very similar results. Comparison of ATR yields
with those obtained under elevated furnace temperature conditions demonstrate a
departure of the system from a traditional thermal behavior. Carbon deposition in-
creases substantially with temperature in the furnace while remaining constant on
the irradiated catalyst. Conversion of C3Hg indicates a much greater use of the feed
and increased steam reforming activity when irradiated. CO, yield decreases with
microwave power, consistent with the WGS equilibrium at high temperatures and
possibly due to the CO, oxidation of carbon deposits to produce additional CO.
C3Hg also increases, consistent with increased oxydehydrogenation activity. Volu-
metric introduction of energy acts to raise the temperature of the downstream end of
the catalyst, driving the steam reforming and water-gas shift reactions.

This work has confirmed that microwave frequency radiation can be used to se-
lectively and volumetrically interact with a catalytic reforming system. Carbon was
shown to interact in a favorable way, reducing coking under some conditions. Further,
the activity of the system was altered to produce effects not observed in traditional
thermal cases. The greatest beneficial effects of microwave heating are observed with
the introduction of steam, increasing the endothermic energy demand and leading to

greater syngas production than achievable by traditional furnace heating.
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CHAPTER III

Microwave Effects on Sulfur Poisoned Catalysts

3.1 Introduction

Portable reforming technology for the production of synthesis gas (CO & Hy) from
hydrocarbons has the potential to be used in conjunction with fuel-cells, distributed
chemical manufacturing, emissions control and engine cold-start technology. In par-
ticular, reforming technology has received much attention for its role in the processing
of liquid hydrocarbons for portable power generation units. Catalytic reforming of hy-
drocarbon fuels is frequently plagued by deactivation via carbon deposition and sulfur
poisoning. Performance further degrades when catalysts are supplied with non-ideal
feed gas compositions.

Previous work has demonstrated the ability of microwave radiation to effect changes
in active fuel reforming systems. Chapter II describes the results of studies examining
irradiation of partial-oxidation and autothermal reforming systems under conditions
of low total oxygen leading to incomplete conversion and coke deposition. Microwave
irradiation was found to reduce coking and improve syngas yield when water was
present in the system, corresponding to an endothermic energy demand. When only
the exothermic partial-oxidation reactions were studied there appeared to be little
difference between microwave and furnace heating. The present study seeks to ex-

pand the analysis performed in Chapter II to a sulfur poisoned autothermal reforming
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system.

Sulfur poisoning is one of the most pervasive modes of heterogeneous catalyst
deactivation due to its strong chemisorption to metallic sites. Sulfur is plentiful in
many molecular forms within distillate products and can have significant detrimental
effects at sub-ppm levels [16]. Catalytic activity is modified by the physical blocking
of active sites and diffusion of surface species by adsorbed sulfur as well as the longer
range electronic effects that can extend up to 5 a.u. away from the sulfur atom [98,
99, 100, 101, 102]. At high concentrations sulfur can completely poison a catalyst. At
low (ppm) sulfur concentrations an equilibrium coverage of sulfur can be established,
partially diminishing activity [23, 96].

Several studies have examined the effects of microwave irradiation on sulfur poi-
soning. Ibe et al. and Fanson et al. have examined the effects of microwave radiation
on sulfur adsorbed to a Pt-Ba NO,, storage reduction catalyst [26, 103]. Under mi-
crowave irradiation, desorption of sulfur was found to occur at temperatures below
200 °C while it is reported that desorption normally occurs at temperatures above
600 °C. Such a drastic difference in temperatures is likely the result of selective heat-
ing of sulfur adsorbing sites and inaccurate temperature measurement in an unevenly
heated sample. Similarly, Zhang et al. observed increased conversions in the catalytic
reforming of methane with carbon dioxide over Pt, consistent with the formation of
hot-spots on the catalyst and the inconsistencies of temperature measurement [69].
Difficulty in measuring temperature and the resulting improper reporting of results
is common in literature. Thermodynamics will dictate the lightoff temperature of
a reaction on a surface, therefore when studies report lightoff at reduced tempera-
tures under microwave irradiation it is indicative of local hotspots within the sample
[70, 71, 66]. These hotspots have been shown to be less prone to poisoning by SO,
on LaggCepoMnOg perovskite, methane oxidation systems [72].

The present study seeks to determine if microwave heating can be used to influence
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sulfur poisoning in active reforming catalysts. Conditions of low total oxygen and
high space velocity are used to promote carbon deposition and reduce conversion.
Comparisons are drawn between irradiated experiments and experiments run within
a traditional furnace heating environment to determine those effects attributable to

the microwave heating environment.

3.2 Experimental

3.2.1 Catalyst Preparation

Catalysts used in this study are identical to those described in section 2.2.2 con-
sisting of 10 wt.% Ni supported on Ceg 75702502 (Ni/CZO) with a final washcoat

loading of 20 £ 2.4 wt.% on cordierite monolith supports.

3.2.2 Flow Reactor Description

Reforming experiments were carried out using the custom single-mode microwave

reactor described in section 2.2.3.

3.2.3 Reaction Conditions

The prepared catalyst was tested for activity in the autothermal reforming of
propane under varying levels of irradiation. Sulfur was introduced in the form of
thiophene within the water feed to the equivalent of 200 ppmw atomic sulfur in the
fuel. Reaction conditions were set such that adiabatic operation would be stable
over the time span of experiments with minimal carbon deposition under no-sulfur
conditions. Table 3.1 provides relevant information on the experimental conditions
used. For each experiment a single monolith, 0.76 + 0.025 g (1.57 cm?) was loaded
into the flow reactor capable of exposing samples to controlled levels of microwave

radiation. All tests were repeated with fresh catalysts over reaction periods of 60
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Table 3.1: Autothermal reforming with sulfur operating conditions.

GHSV, cm*cm 3 h™! 120,000
GHSV, em® g3l 0 h ™! 1,178,000
0/C 0.75
H,0/C 0.25
Air Flow, mmol min—* 103.9
Propane, mmol min—! 20.7
Water, mmol min~! 15.6
Thiophene (when present) mmol min~! 0.077

minutes during which steady state was achieved. Data shown is the average of multiple

trials.

3.2.4 Reactor Startup and Shutdown

Pre-reduced monoliths were loaded into the reactor, blanketed by N, and the fur-
nace ramped to 600 °C to achieve a catalyst pre-heat temperature of 300 °C within
the microwave cavity. Lightoff is initiated using a two stage process to simultaneously
raise the catalyst temperature while maintaining a rich mixture outside of the upper
flammability limit. First, Hy (53.6 mmol min~!) is combusted with air (14.3 mmol
min~!) for 2 minutes, raising the catalyst temperature to ~480 °C. C3Hg (20.7 mmol
min~!), is brought on stream and several seconds later the flow rate of air is increased
to the reaction conditions (103.9 mmol min~') and the flow of hydrogen ceased. Wa-
ter flow is initiated with or without thiophene dissolved according to the needs of
the experiment. Startup under net-reducing conditions ensures that the catalyst is
reduced at experiment initiation. Reactions are extinguished under Ny to preserve
the state of the catalyst and are cooled to room temperature before removal. Mono-
liths are bisected for observation, crushed and mixed for analysis to ensure uniform

sampling.
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3.2.5 Analysis of Reforming Behavior

Reactions were monitored for selectivity and activity under the prescribed condi-
tions. Reactor effluent passes through a 0 °C trap to remove water before sampling
by a Mass Spectrometer (Ametek Dycor Proline) scanning an m/z range of 1 - 50.
Calibration was performed using multiple calibration gas standards to determine rel-
ative ionization intensities around the concentrations of interest. Calibration data
was combined with electron ionization data from the NIST Chemistry Database in
an adaptive mass spectrum deconvolution program in order to track the concentra-
tions of: Hy, HyO, Oy, Ny, CHy, CoHy, CoHy, CoHg, C3Hg, C3Hg, CO, CO,, and Ar.
Due to the removal of water from the effluent, quantification of water produced or
consumed in the reaction was not possible. Total efluent flow is calculated using N,
as an internal standard. Yields and conversions are calculated on a molar basis ac-
cording to Equations (3.1) to (3.11). Due to the low amount of Oy and HyO supplied,

reactions 1.1 to 1.3 are severely stoichiometrically limited leading to the formation of
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many intermediate cracking and dehydrogenation products.

FH out
Yy, = 2 3.1
2 4 X FCgHg,Z'n + 2 X FCQH47in ( )
F ou
Yeo CO.out (3.2)

3 X Fogrgin +2 X Foym,.in

FHQ,Out + FC’O,out

Yoo = T X Foyngin +4 X FoyHyin (3:3)
Yoo, = 57 FCSHj: T;x Fouttyim (34)
Yo, = 3 X FCng::If:;u; Feymyin (3.5)
Vour, = g e (3.6)
Yom =37 FCQHXj i gxutFCHn (3.7)
Your, = 3 X FcfH:iffg6§u}02H4,in (3:8)
Yo = 57 FCSHXf fu gmeCHn (3:9)
Yost = 3 X FCjH:iffggzu}czH4,in (3.10)

Xeym, =1— —;b;’g’j;sf (3.11)

3.2.6 Catalyst Characterization

Samples were characterized by single-point BET N, physisorption on a Quan-
tachrome ChemBET instrument to obtain measurements of physical surface area.
Metallic surface area and dispersion measurements were performed by Hy chemisorp-
tion using a Micromeritics ASAP 2020 instrument. Samples were degassed under
vacuum at 300 °C, followed by reduction in flowing Hy at 600 °C. Measurements
were taken at 35 °C, obtaining two complete isotherms to determine the quantity
of strongly adsorbed hydrogen, thereby calculating the number of exposed metallic
sites.

Temperature programmed oxidation (TPO) was performed gravimetrically using
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a TA instruments Q500. Samples were initially heated to 120 °C to remove adsorbed

water before ramping at 7.5 °C min~" to 850 °C in 60 sccm of air with a balance purge

of 40 sccm Ny. TPO is used as a means to observe and quantify carbon deposits.
Scanning electron microscopy (SEM) was employed to observe carbon morpholo-

gies using a Philips XL30FEG SEM instrument.

3.3 Results

Syngas yield as a function of time for samples exposed to varying levels of mi-
crowave irradiation are plotted in Figure 3.1. Experiments are initiated under excess
Hj resulting in initial yields greater than unity. Introduction of sulfur in the form of
thiophene was found to immediately decrease syngas yield by more than 45%, pro-
viding steady operation consistent with reaching an equilibrium coverage of sulfur
and the transformation of thiophene into HsS [104]. Each condition tested reached a
steady state value within approximately 20 minutes of lightoft with only slight trend-
ing in yields. Data was averaged over the 20 - 60 minute period to provide steady
state values. Introduction of thiophene coincided with a significant increase in exit
gas temperature as measured by a thermocouple placed directly below the catalyst
within a quartz thermowell. Steady state efluent temperatures increased from 640 °C
(sulfur free) to 700 °C (with sulfur), consistent with blocking of steam reforming sites.

Introduction of microwave radiation to the catalyst improved syngas production
substantially, however full recovery of syngas production is not achieved and there was
little added benefit above 200 W of irradiation. Experiments in which the microwave
power was turned on and off over several minute periods showed no lasting changes
to the product distributions once the microwave system was turned off. Syngas yield
immediately returns to the 0 W sulfur poisoned value suggesting that either any
sulfur removed from the surface by microwave heating immediately re-adsorbs, or

more likely, that sulfur poisoning is unchanged under microwave irradiation and the
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Figure 3.1: Syngas yield versus time for sulfur free and sulfur containing experiments
exposed to 200 ppmw atomic sulfur in the form of thiophene while exposed
to the specified intensities of microwave irradiation.

change in products is the result of volumetric catalyst heating.

In addition to a decrease in syngas yield, yields of most species are altered with
the introduction of sulfur as shown in Figure 3.2. Circled data points are sulfur-free
with the remainder of experiments having been carried out with thiophene present.
Sulfur causes a drop in CO and Hs yields while increasing production of COs, CHy,
CyHy and C3Hg. Poisoning of the active sites is sufficient to allow for O, slip. Intro-
duction of microwave irradiation drives the system yields toward the no-sulfur case,
decreasing dehydrogenation and cracking products, while increasing syngas produc-
tion and water-gas shift activity. Power absorbed by the sample, Figure 3.2D, trends
with syngas production with a high initial slope leading to a plateau above 200 W.

Due to the relatively long duration of the sulfur containing experiments there is
an increased propensity for the formation of plasmas at high electric field strengths.
Plasma formation was observed in several experiments of greater then 600 W forward

power. The onset of plasma generation was preceded by a drop in the reflected power,
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and a net increase in absorbed power. Once a plasma is established, there exists a
continued elevation of energy dissipation within the reaction tube, coinciding with
an increase in syngas yield. Any experimental case in which plasma generation was

observed was excluded from this analysis.

3.4 Discussion

3.4.1 Furnace Temperature Comparison

To gain insight into the temperature environment experienced by a sulfur poi-
soned reforming system operating under microwave irradiation, product distributions
were compared with those obtained by increasing the system temperature using a
furnace. Furnace temperature comparisons allow for the determination of those ob-
served trends attributable to furnace reproducible thermal effects and those effects
unique to the microwave heating environment.

Sample temperatures are increased by placing catalysts within the furnace and
increasing the set-point temperature above the standard pre-heat temperature of the
microwave waveguide. Within the furnace, the catalyst containing section of quartz
tubing is wrapped in quartz-wool to prevent the formation of hot spots due to ra-
diation from the furnace heating coils. The catalysts are subsequently run under
standard operating conditions while monitoring the efluent concentrations and tem-
perature, from which a comparison can be made with compositions obtained under
microwave conditions. Furnace yields are plotted as a function of exit temperature as
measured by a thermocouple placed within a thermowell directly below the catalyst
in the center of the reaction tube. An extrapolation of the trend observed in the
furnace data is then used to match with microwave data as shown in Figure 3.3. In
certain instances the microwave data fits the trends observed under traditional heat-

ing quite well, this behavior may be considered traditional thermal effects. Species
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exhibiting similar microwave and furnace trends included Hy, CO and CO,. Effective
temperatures for Hy, CO and CO, along with the mean effective efluent tempera-
ture are provided in Figure 3.3. Catalyst temperatures are estimated to increase by
over 200 °C under irradiation with yields of CO indicating a significant increase in
the temperature associated with pathways leading to its production. Yield-estimated
temperatures agree in trend with measured power absorption by the catalyst and
obey the rank order expected of increasing temperature with irradiation level. Dis-
agreement among Hy, CO and CO, effective temperatures and the lack of matching
hydrocarbon data suggests that irradiation of the catalyst results in very different
temperature profiles then those observed in a furnace.

In some instances the measured compositions under microwave irradiation depart
significantly from the expected trend observed in the furnace, leading to what may
be considered microwave specific effects. CHy, CyHy, Cs3Hg and C3Hg all exhibit
behavior not consistent with furnace obtained yields as shown in Figure 3.4 when
the microwave data is plotted using the average component effective temperature.
Conversion of C3Hg decreases at higher effective temperatures (microwave power),
while furnace heated samples display the opposite trend, increasing C3Hg conversion
with temperature. Similarly, yields of CHy, CoH4 and C3Hg decline when irradiated,
but increase with furnace heating.

Irradiation of a catalyst and increasing the external furnace temperature both
transfer energy into the catalyst, however it appears that the way in which energy is
introduced has a drastic influence on cracking and dehydrogenation products. Within
a furnace heated environment, energy is transferred at high temperatures from the
reaction tube to the gas before entering the catalyst, and it is the gas phase that heats
the catalyst. Because the front face of the catalyst is already the hottest part of the
system, introducing additional energy in this region results in additional cracking and

dehydrogenation as demonstrated by the furnace data in Figure 3.4. While the front
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face of the catalyst is heated by the incoming gas, the downstream portion of the
catalyst is still heat transfer limited and the endothermic steam reforming reaction
is limited by the supply of energy brought in by the gas phase. Microwave heating
occurs volumetrically within the catalytic washcoat and thus the gas phase is not
heated until entering the catalyst. The front face of the catalyst does not experience
a significant temperature increase under microwave irradiation, however the combi-
nation of volumetric energy addition and convective heat transport down the length
of the catalyst acts to raise the temperature of the downstream section of catalyst.
By supplying energy to the rear of the catalyst, greater stream reforming activity is
observed as evidenced by high Hs coinciding with fewer cracking and dehydrogena-
tion products exiting the reactor and a drop in CsHg conversion as those sites not
poisoned by sulfur preferentially react with the more reactive species present.

Visual inspection of the spent catalyst revealed a marked difference between the
various conditions tested. Compared with samples exposed to a sulfur-free feed, those
exposed to sulfur exhibited a lighter outer color typical of a more oxidized state as well
as more carbon on the interior of the catalyst constant with coking due to the higher
temperatures of operation. Catalysts exposed to microwaves retain the darker, more
reduced look of the no-sulfur system along with no visible carbon deposition. Images
of carbon on the spent catalyst post reduction are provided in Figure 3.5 highlighting
the difference in carbon deposition with exposure to sulfur and microwave irradiation.
Irradiated catalysts have an appearance more similar to the no-sulfur case then the
non-irradiated sulfur samples.

Carbon deposition for irradiated and elevated furnace temperature systems are
shown in Figure 3.6. The no-sulfur case is provided for reference with the increase in
effluent temperature apparent as the 0 W temperature increases to 700 °C. Introduc-
tion of sulfur causes a significant increase in sample weight, attributable to carbon

deposition. Irradiation at all power levels tested resulted in the complete removal of
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Figure 3.5: Bisected catalysts post reduction in Hy at 600 °C.

carbon, confirmed by the absence of a carbon peak in TPO. Samples run within the
furnace exhibit a significant degree of coking at high temperatures, consistent with an
increased generation of carbon precursors within the upstream portion of the catalyst
and subsequent coke deposition downstream.

Operational constraints limit the maximum furnace temperature and microwave
field strength (applied power) that a catalyst can be exposed to. In the case of furnace
experiments, operation of the furnace at temperatures greater then 550 °C lead to
pre-combustion of the feed. Microwave heating of the catalyst is limited by the onset
of plasma formation at power levels above 600 W. These two conditions represent
the upper limit of operation within this system. Comparison of the effluents at each
of these extremes provides insight into the extremes to which the system can be
forced under traditional heating and microwave heating environments as well as the
differences between the two modes of operation. Rates of product formation and fuel

utilization for sulfur poisoned systems at the upper limits of furnace temperature and
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Figure 3.7: Comparison of rates of product formation and fuel consumption obtained
under conditions of maximum furnace temperature, 550 °C (Furnace)
before pre-combustion and maximum microwave irradiation, 600 W (Mi-
crowave) before onset of plasma formation along with base case non irra-
diated samples (OW).

microwave irradiation are shown in Figure 3.7 along with the base-case 0 W rates.

Comparing the 0 W case to the upper limits of furnace and microwave operation shows

there is a stark increase in Hy and CO production along with a greater utilization of

CsHg. Microwave heating, in particular, is able to increase Hy and CO production

above what is viable in the furnace while decreasing CO5 production.

3.5 Conclusions

Autothermal reforming of C3Hg at an O/C ratio of 0.75 and H,O/C ratio of 0.25
is highly susceptible to poisoning by 200 ppmw atomic sulfur in the form of thio-
phene. Introduction of thiophene greatly reduces steam reforming activity, allowing

passage of cracking and dehydrogenation intermediates produced within the entrance
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region of the catalyst and reducing syngas yield by over 45%. Performance does not
further degrade over time indicating that an equilibrium coverage of sulfur is quickly
established. Irradiation of a sulfur poisoned catalyst reduces the observed cracking
and dehydrogenation products in the efHuent while increasing syngas production.
Exposure to microwave radiation does not appear to reverse poisoning, rather the
volumetric introduction of energy into the downstream portion of the catalyst acts
to promote the steam reforming and water-gas shift reactions.

Experiments were undertaken to expose reforming catalysts to elevated tempera-
tures within a furnace heated environment for comparison with microwave irradiated
systems. Comparison of furnace and microwave heating environments show signifi-
cant differences between these two modes of operation. Within the furnace, yields of
cracking and dehydrogenation products were observed to increase with temperature.
When irradiated, yields of those same products decrease substantially at progres-
sively higher microwave power levels. At the highest power levels tested, conversion
of propane decreases, however Hy production increases slightly, offsetting a decrease
in CO production to maintain steady syngas yield. Results obtained from irradiation
of active reforming catalysts point to an increase in steam reforming activity over
furnace heated samples, with fewer cracking and dehydrogenation products observed.

Comparison of carbon deposited while reforming in microwave and furnace heated
environments demonstrates a clear advantage of microwave heating. Carbon couples
strongly to the electro-magnetic field, heating and leading to its preferential oxidation
as it forms and reduced carbon deposition. Samples exposed to elevated furnace
temperatures coke significantly more as the temperature is increased due to greater
production of coke precursors in the catalyst entrance region.

Microwaves have been shown to favorably interact with an active hydrocarbon
reforming catalyst experiencing reduced syngas production due to sulfur poisoning.

Carbon and coke deposition is eliminated and significant gains in syngas production

7



are observed when irradiated. Volumetric heating of the catalyst increases steam re-
forming rates without additional coke precursor generation due to excessive entrance
region temperatures experienced under elevated furnace temperature environments.
Volumetric heating appears most suited to applications with large endothermic en-
ergy requirements in structured catalysts where heat transfer limitations in the cool
downstream region of the catalyst result in slow kinetics. Microwave heating may be

a viable alternative to inter-stage heating in a variety of endothermic reactions.
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CHAPTER IV

Determination of Temperature Within an Active
Reforming Catalyst Subject to Microwave

Radiation

4.1 Introduction

Use of microwave band irradiation as a means to achieve faster and more efficient
chemical transformation has received renewed attention in the literature [105, 56, 106].
Within many areas of polymer science and organic chemistry, significant enhance-
ments in the rate of reaction and/or the quality of the final product have been ob-
served. Metaxas outlines many of the advantages of microwave heating including rapid
heat transfer, volumetric and selective heating, uniformity of heating, faster through-
puts, superior moisture leveling compared with conventional heating, fast switching
on and off, a clean environment free of combustion products, compact equipment,
high power densities, low maintenance and service costs, as well as energy absorption
enhancements by catalysts and agents [59, 52]. While many of these advantages are
system specific, they are in contrast to the poor heat transfer in many traditional
heating applications.

Numerous studies have proposed unique abilities of microwaves to influence chem-

ical reactions in ways not easily explainable by simple heating models. A major chal-
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lenge when comparing microwave heating with more traditional heat transfer modes
(conduction, convection, thermal-radiation) is the lack of consistent temperature mea-
surement in microwave fields. Understanding the temperature experienced by an
irradiated sample is paramount to understanding the changes observed in the final
product. In particular, the determination of temperature becomes very challenging
when the sample of interest is at a high temperature and contains large temperature
gradients. The challenge of fully understanding the temperature environment within
a microwave reactor has contributed to its limited adoption in large scale chemical
processes.

The most common modes of temperature measurement within a microwave field
are the thermocouple, optical pyrometer and fiberoptic pyrometer. Past work has ex-
amined the benefits and drawbacks of each of these methods [107, 108]. The present
work examines alternatives to these methods for estimating temperature within a
high-temperature reacting system. The microwave assisted reforming of a hydrocar-
bon mixture will be used to demonstrate these alternate methods of tracking temper-
ature within an electromagnetic field. Catalytic reforming is used in the production
of synthesis gas (CO & Hy) from hydrocarbon fuels. Local reaction temperatures can
exceed 800 °C with significant temperature gradients from the hot face of the catalyst
to the cooler exit region. Irradiation of a catalyst can further alter the temperature
profile, making the accuracy of any localized temperature measurement tenuous at
best.

Within the body of this work, operation at high temperatures within a system of
complex geometries prevented the accurate use of thermocouple or infrared temper-
ature measurement devices. Information on the temperature of a catalytic system
is essential to understand its operation and to correctly predict behavior. The fol-
lowing work was undertaken to gain an understanding of the magnitude to which

catalyst samples heat under microwave irradiation. Topics addressed will include the
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estimation of catalyst temperature change by:
e Thermocouple
e Infrared temperature measurement
e Comparison of effluent with equilibrium calculated compositions

e Comparison of irradiated samples to those run under elevated furnace temper-

atures
e Changes in carbon oxidation features
e Use of the water-gas shift equilibrium
e System modeling and model-data comparison

Finally, a summary of the methods used in determining the temperature rise ex-
perienced by an irradiated catalyst will be presented with suggestions for alternate

strategies.

4.2 Materials and Methods

Hydrocarbon reforming experiments were carried out using a custom single-mode
microwave reactor consisting of a vertical Carbolyte clamshell furnace mounted above
the sample chamber of a microwave waveguide (Gerling Applied Engineering Inc.
2.45 GHz 1.8 kW Continuous-wave), as described in section 2.2.3. Temperature
measurements were taken using type-K thermocouples positioned 3 mm below the
center of the catalyst when the microwave was not in use. An optical IR temperature
sensor (Raytek TX) is employed to measure the external temperature of the catalyst
and was calibrated to the sample emissivity before use. The system is controlled via
a Programmable Logic Controller (Eaton ELC-PLC) slaved to a computer using a

graphical user interface within Matlab® to handle data acquisition and control.
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Table 4.1: Operating Conditions for POX and ATR experiments.

POX ATR
GHSV 65,000 86,762
0/C 0.47 0.47
H,O/C 0.0 0.5
Air Flow, mmol min—* 56.4 56.4
Propane, mmol min—! 10.1 10.1
Ethylene, mmol min~! 10.1 10.1
Water, mmol min~! 0.0 25.6

Catalysts used in this study consist of cordierite honeycomb monoliths (Dow Corn-
ing 400 cpsi 6 mil) washcoated with material consisting of 10 wt.% Ni supported on
Ceg.75Z0.2502 (Ni/CZO) to a final washcoat loading of 20 + 2.4 wt.% as described in
section 2.2.2. Prepared catalysts were tested under conditions of partial oxidation,
and autothermal reforming, for activity in reforming of a propane-ethylene mixture
under varying levels of irradiation. Table 4.1 describes the experimental conditions
studied, henceforth referred to as the POX and ATR conditions. For each experiment,
a single monolith 0.76 4 0.025 g (1.57 cm?) was loaded into the flow reactor capable
of exposing samples to controlled levels of microwave radiation (0 - 900 watts). All
tests were performed a minimum of three times with fresh catalysts over reaction
periods of 15 minutes.

Pre-reduced monoliths were loaded into the reactor, blanketed by Ns, and the fur-
nace ramped to 600 °C to achieve a catalyst pre-heat temperature of 250 °C within
the microwave waveguide. Light-off is initiated using a three stage process to simul-
taneously raise the catalyst temperature while maintaining a rich mixture outside of
the upper flammability limit as described in section 2.2.5. Startup under net-reducing
conditions ensures that the nickel is reduced when experiments begin. At the end of
the reaction period, reactions are extinguished under N, to preserve the state of the
catalyst. The catalyst is cooled to room temperature before removal. Monoliths are

bisected for observation, crushed and mixed for analysis to ensure uniform sampling.
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Reactions were monitored for selectivity and activity under the prescribed condi-
tions, simulating short-term deleterious operation of a reformer. Pseudo steady state
conditions are established within the first few minutes with the subsequent concentra-
tion information used for analysis. Species concentrations are determined by online
mass spectrometer as described in section 2.2.6. Yields and conversions are calculated

on a molar basis according to Equations (2.1) to (2.12).

4.3 Discussion

The following sections present various means that may be employed in temperature
determination within an electromagnetic field and the benefits and drawbacks of each.
Finally a summary of the temperature methods is presented with respective error

analysis.

4.3.1 Thermocouples

Measurement of temperature within electromagnetic fields by thermocouple presents
a particular challenge as the mere introduction of a metallic conductor alters the
electric and magnetic field distributions and thus the local heating rates. Constraints
upon the placement of thermocouples, including the need to have a conducting sheath
that is grounded to the cavity wall, and orientation of the probe perpendicular to the
electromagnetic field, make their use impractical in many settings. Within high F
field environments, sheath heating may be observed and arcing can result between
the sample and thermocouple leading to increased plasma formation at high tem-
peratures where dielectric breakdown is more likely to occur. Within this system,
placement of a thermocouple directly below the sample position in the microwave
cavity was considered, however grounding to the cavity wall was impractical due to

the geometries involved.
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4.3.2 Infrared Emission

Alternatives to thermocouple temperature measurement include mostly non-contact
variations on Infrared (IR) temperature measurement devices. In low temperature
operation (T < 200 °C), fiber optic probes with fluorescing coatings may be used.
High temperature systems generally use lenses to focus IR light onto a sensor and
observe specific wavelength intensities based on the desired temperature range. For
high temperature reactions in electromagnetic fields, sapphire light pipes may be used
for contact or near contact operations, however they are only able to measure external
temperatures within monolith supported catalysts. In this application, a non-contact
focused infrared pyrometer was used to observe the side of the catalyst with a focal

area of 31 mm?

. Prior to reaction, the IR system was calibrated to the emissivity
of the sample. Use of an IR pyrometer permits observation of the external sample
temperature, however this is not a representative measurement for the whole sample
as heat losses and deactivation along the outer edge may lead to an erroneously low
value. Variation of greater than 4+50°C in the measured IR value across repeats of
some experiments led to its limited use as a temperature sensor. Figure 4.1 shows the

measured temperatures for POX and ATR conditions as a function of the microwave

forward power.

4.3.3 Overall Equilibrium Composition

In catalytic systems, the thermodynamically calculated equilibrium composition
can be a useful tool to assist in the interpretation of experimental results. Direct
comparisons of experimental data and equilibrium calculations require that the system
approach equilibrium. In the case of a hydrocarbon system with large —AG, .,
complete conversion of the feed is expected with sufficient residence time. Equilibrium
calculations for the system of interest were obtained using ASPEN Plus computational

tools, minimizing the total Gibbs free energy of the system as shown in Figure 4.2.
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Figure 4.1: IR measured temperatures and standard deviations of measured values
under POX (A) and ATR (B) conditions.
By tracking changes in experimental compositions, a thermodynamic temperature
can theoretically be inferred. A direct comparison of compositions was not possible
in this work as reaction conditions remained far from equilibrium. Operation under
low total oxygen and high space velocities confounded attempts to make quantitative
comparisons between thermodynamic calculated compositions and those obtained in
experiments. Determination of the reformer operating temperature range based on

compositional comparisons thus proved inconclusive.

4.3.4 Elevated Sample Temperature Composition Comparison

To gain insight into the elevated temperature experienced by a reforming system
operating under microwave irradiation, product distributions were compared with
those obtained by increasing the system temperature within the heated zone of a

furnace. Trends in product distributions with increasing microwave power may be
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compared with samples run under elevated temperature environments within a fur-
nace to obtain effective temperature changes within the system.

Sample temperatures were increased by placing catalysts within the furnace and
increasing the set-point temperature above the standard pre-heat temperature within
the microwave waveguide. Within the furnace, the catalyst containing section of
quartz tubing was wrapped in quartz-wool to prevent the formation of hot spots
due to radiation from the furnace heating coils. Catalysts were subsequently run
under standard POX or ATR conditions while monitoring the effluent concentra-
tions and temperature, from which a comparison can be made with compositions
obtained under microwave conditions. The maximum furnace set-point was 550 °C.
Higher temperatures were not attainable within the furnace due to pre-combustion
of the feed. Figure 4.3 is an example of the method used to fit microwave data to
furnace obtained values in ATR and POX experiments. Furnace compositions or
yields are plotted as a function of exit temperature as measured by a thermocouple
placed within a thermowell directly below the catalyst at the center of the reaction
tube. Table 4.2 contains the exit temperatures observed under each condition, with
"Waveguide” indicating that the reaction was carried out in the microwave chamber
without irradiation. An extrapolation of the trend observed in the furnace data is
then used to match with microwave data. In certain instances, the microwave data
fits the trends observed under traditional heating quite well; this behavior may be
considered traditional thermal effects. Species used in the comparison of furnace and
microwave obtained yields with similar trends include Hy, CO5, CHy, CoHy, CoHg,
C3Hg and C3Hg for POX conditions and H,, CO, CyHy, CoH, and C3Hg for ATR
experiments

By matching the furnace and microwave data as demonstrated in Figure 4.3,
Figure 4.4 is the estimated system temperatures attained under microwave irradiation

with 95% confidence intervals as a function of the input of microwave energy. Despite
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Table 4.2: Catalyst exit temperatures recorded under each operating condition. Un-
certainty on values is + 12 - 21 °C.

Condition POX °C ATR °C
Waveguide 550 273
Furnace 350 °C 647 606
Furnace 450 °C 684 632
Furnace 550 °C 726 678

excluding species whose trends with temperature do not match between the two
modes of heating, variance across species examined led to significant uncertainty in
the reported value. Despite this uncertainty, the trend observed is consistent with
other methods of estimating temperature within the system. Additional information
is derived in this analysis related to the relative temperature experienced by the

reaction pathway leading to each product as discussed in section 2.4.1.

4.3.5 Temperature Programmed Oxidation of Carbon

Carbon deposited on reforming catalysts during operation contain information
within their structure about the temperature environment in which they were created.
The temperature programmed oxidation (TPO) of carbon is a means of determining
the temperature at which carbon is oxidized, providing insight into its morphology.
Representative TPO peaks for samples having undergone POX and ATR operation
are shown in Figure 4.5. Of note is the shift in peak position with increasing ir-
radiation along with the decrease in total carbon present. To further understand
the significance of these shifts, calibrations were produced using data from the TPO
of carbon deposited during elevated furnace temperature experiments in addition to
carbon that was subject to post reaction heat treatment.

Carbon deposited during reaction within the furnace at elevated temperatures
was analyzed for TPO behavior shown in Figure 4.6. As with samples exposed to
increasing levels of microwave irradiation, a shift in TPO peak position to higher

temperatures is observed with increasing furnace temperature. Table 4.3 summarizes
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Table 4.3: TPO position of maximum peak feature for samples reacted without irra-
diation in the waveguide and furnace.

Condition POX °C ATR °C
Waveguide 525 541
Furnace 350 °C 573 584
Furnace 450 °C 649 583
Furnace 550 °C 641 580

the TPO peak positions of each sample. Compared with the shift in peak position
for irradiated samples, elevating the sample temperature within the furnace shifts
the POX peaks to a much higher temperature. Conversely, ATR samples exhibited a
lesser shift in peak position in the furnace compared with microwave exposure with
a maximum shift of 43 °C. In both instances, the relationship between peak position
and temperature was not linear, rather the values increase initially and then plateau,
leading to significant uncertainty in sample temperatures estimated from comparing
shifts in TPO features.

Temperature calibrations were also performed by observing shifts in the TPO peak
position of heat treated carbon. Coked samples were obtained from catalysts exposed
to a standard 15 minutes of reaction within the waveguide under POX conditions.
Samples were subsequently ramped at 10 °C min~! to a pre-determined treatment
temperature between 650 °C and 900 °C under flowing Ny and held for 60 minutes
before rapid cooling to room temperature. Subsequent TPO analysis showed a shift
to higher temperatures after thermal treatment similar to that observed under mi-
crowave irradiation. Figure 4.7 is a plot of the excess temperature experienced by
the sample as a function of the shift in TPO peak position along with 95% confi-
dence intervals. Comparison of irradiated carbon TPO peak position to samples run
within the furnace, where effluent temperature is measured, and to heat treated car-
bon samples provides two additional means of estimating the system temperature as

experienced by carbon.
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4.3.6 Water-Gas Shift Equilibrium

The water-gas shift (WGS) reaction, Equation (4.1) is highly temperature depen-
dent and is generally considered to approach equilibrium very quickly, even at short
contact times [7]. The WGS equilibrium can therefore be a useful tool to monitor the
state of a catalyst. The WGS reaction is only slightly exothermic with AH,,, = —41.2
KJ mol~! and is frequently carried out over nickel catalysts. Industrially, both a high
temperature and low temperature shift reaction is used to take advantage of the in-
creased Hy produced at low temperatures. Figure 4.8 contains the equilibrium Kywgas
as defined by Equation (4.2). Within this system, the WGS equilibrium was used in
two ways to monitor the temperature within the system. A calibration was first de-
veloped using a model WGS system to relate changes in microwave power to catalyst
temperature. Secondly the Kywgs established during the reforming of hydrocarbons
was monitored to correlate changes in product distributions with the catalyst tem-

perature.

[COo][Hs]
Kwas = W (4.2)

The goal of initial WGS experiments was to establish the equilibrium Kwqgg curve
for a catalyst and then use this established behavior to reconcile the measured IR tem-
perature with the observed Kwgs. This method is very similar to generating a lightoff
curve for a catalyst and using the known kinetics to then back out a temperature. A
standard monolith catalyst was loaded into the furnace and exposed to flowing COq
(4.5 mmol min~!') and Hy (13.4 mmol min™!) in Argon (40.2 mmol min~') with the
efluent analyzed by mass spectrometer. The furnace temperature was ramped to
750 °C at 5 °C min~! to obtain the characteristic curve for the catalyst labeled “Fur-

nace Data” in Figure 4.8. Next, the catalyst was moved into the microwave cavity
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Table 4.4: Tabular summary of the model water-gas shift analysis presented in Figure

4.8.
Sample MW Power IR Tempera- Effective Tem- Temperature
Point (Watts) ture °C perature °C Increase °C
A 0 298 N.A. 0
B 190 308 N.A. 10 (IR)
C—C2 393 319 368 70
D—D2 589 336 418 120
E—E2 759 356 496 198

and heated to ~ 298 °C (point A). The catalyst was then exposed to increasing levels
of microwave radiation and the effluent Kwgs plotted vs. IR measured temperature
(points B, C, D, E). Using the previously established Kywgs “Furnace Data” curve for
the system, the effective temperature of the catalyst can be determined; that is the
temperature required to reach the Kwgas value achieved under microwave irradiation
(Points C2, D2, E2). Observations are summarized in Table 4.4 where it is apparent,
that with increasing irradiation, the effective temperature of the catalyst increases by

up to 200 °C

4.3.7 Water-Gas Shift Equilibrium Under Reforming Conditions

Previously, the WGS equilibrium was used to track changes in temperature for
irradiated model systems containing only CO, HyO, CO,, Hy and Ar. To extend this
tool to reforming systems, a similar approach is used where the WGS equilibrium is
tracked in catalysts under the POX and ATR conditions described previously. Kwas
is first measured in samples placed in the furnace position such that their effluent tem-
perature can be measured at multiple furnace temperatures, Trymace. Effluent water
concentration is not measured by mass spectrometer, thus it is estimated as 0.1Fp, i,
for POX cases and as the missing Oy in the ATR material balance (Fo, in — F0,.0ut)-
Various means for estimating water concentration were used with similar results.
Kwas values from furnace experiments were then compared with equilibrium WGS

values calculated by ASPEN for the reforming gas mixture of interest to obtain a
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WGS equilibrium temperature, Twgs eq- Figure 4.9A shows Twas eq VS. Trumace With
a corresponding slope of 0.48. Every degree in WGS equilibrium predicted temper-
ature change correlates to a 2 °C change in the measured sample exit temperature.
Figure 4.9B-C are the effluent Kywgs viewed in light of Figure 4.9A, suggesting that
the ATR system experiences a roughly linear increase in temperature with increasing
irradiation, while the POX case appears to level out above 400 W. Variation in the
measured values results in the significant uncertainty reflected by 95% confidence in-
tervals in Figure 4.9B-C. At a Forward power level of 400 W, both cases experience

an elevated sample temperature by approximately 110 °C.

4.3.8 System Modeling and Model-Data Comparison

Requirements for an adiabatic microwave reactor capable of initiating and sus-
taining reactions at high temperatures led to the design of a system with complex
heat transfer characteristics. Many reaction systems consist of a reactor tube within
a heated zone such as a furnace. The microwave reactor presented in this work con-
sists of the catalyst mounted below a furnace, within a microwave waveguide, with
an annulus through which hot furnace air is forced over the sample. The microwave
waveguide itself is water cooled, placing hot and cold components within very short
distances of one another. The primary goal of modeling the Reactor system is to gain
insight into the temperature profiles and heat transfer at play.

Initial heat transfer modeling explored the possibility of differentially heating a
system with very small metallic particles. Heat transfer from an alumina supported
50 nm diameter Ni particle heated by microwave radiation was examined for the
possibility of attaining significant temperature gradients over the short length-scales
involved. The Equation of Energy (4.5) was employed in cylindrical coordinates
with symmetry, reducing the complexity by one dimension. Numerical solutions were

obtained using Matlab and standard finite difference methods [109, 110]. Results
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indicate that initial heating rates of the Ni catalyst particle were on the order of
1,000 °C s7!, however temperature gradients between Ni and air or alumina are not
sustainable over tens of nanometers, as temperature equilibration occurs very quickly
over those length-scales. This work is in agreement with the work of J.R. Thomas Jr.
and Perry et al [111, 62].

Figure 4.10 provides several views of the system being modeled and the approach
to simplifying the geometries into a solvable problem. Modeling of the reactor system
was accomplished by means of a differential volume approach in cylindrical coordi-
nates, assuming axial symmetry (df = 0). The governing equations used to describe
the transport of mass and energy were the Equation of Continuity (4.3), Equation of
Motion (4.4), Equation of Energy (4.5), Equation of Continuity for Species A (4.6)

and the Helmholtz Equation for a Rectangular Waveguide (4.7) [110].

dp
9P _(v. 4.
5 = (V- pv) (4.3)
Dv 9
Py = VP HV U pg (4.4)
DT
—— = kV*T + ud®, 4.
D
p l;utA = pDapViwa + 14 (4.6)
0=0H,(z) + k*H. () (4.7)

Numerous assumptions went into formulating a problem that was solvable in a
reasonable length of time using finite difference techniques. Material properties were
obtained at elevated temperatures wherever possible. Some of the assumptions in-
clude: constant mass density, (p = constant), no r or § component of velocity,
(v, = vg = 0 and v, = constant). Effects of viscosity and gravity were assumed to be
negligible, (uV?v = pg = 0), viscous dissipation was also negligible compared with
the reaction exotherm, u®, = 0. Mass transport by diffusion was determined to be

much slower than convective transport within the system and thus pD V3w, = 0.
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Boundary conditions used in this study include a constant temperature on the waveg-
uide walls as well as at the gas inlets within the reaction tube and annulus. Axial
symmetry was observed, setting the first derivative to 0 along » = 0 for both the
catalyst and air components.

The Ni/CZO/Cordierite monolith catalyst was treated as two continuous solid
phases: a Ni/CZO washcoat phase in which reactions occur, and a cordierite support
phase to which heat is transferred from the washcoat. Densities of the washcoat and
support were based upon their bulk densities as a washcoated catalyst to correct
for their treatment as a continuous solid. A major limitation of not modeling the
monolith channel is the inability to predict bulk mass transfer limitations within the
system. In practice, Oy is the limiting reagent in all experiments and the conversion
of O is near complete in all instances indicating that the oxidation reaction is not
mass transfer limited, though this may be due to homogeneous reaction. A reaction
rate based on the disappearance of O, was established with a reaction order of 1.25
in Oy. As the primary goal of the model was to capture heat transfer dynamics, this
method was deemed sufficient for capturing the majority of the system behavior with
much greater computational ease.

It has been shown that radiative heat transfer within a monolith structure can
significantly increase the rate of heat transfer at high temperatures [112, 113]. A
simplified 1-D heat transfer model was used to approximate radiative heat transfer
by changing the effective thermal conductivity of the catalyst block. Thermal con-
ductivity increases roughly exponentially, though a 3'¢ degree polynomial was used
as a more accurate approximation, which is then used to update the catalyst thermal
conductivity based on the local temperatures. Thermal conductivity of the catalyst
varies from 0.58 W m~! K=1 at 273 K to 14.5 W m~! K~ at 1073 K.

Heat transfer between the catalyst and adjacent air was mediated by a solid-gas
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heat transfer coefficient according to Fourier’s Law:
q=—-UAVT (4.8)

Radiative heat transfer between the outside of the catalyst and surrounding insulation

was accounted for using the radiative heat transfer equation:
Q2 = A1 Fipo (T} = T3) (4.9)

As mentioned previously, chemical reactions occur within the washcoat layer which

then exchanges heat with the support phase according to:

dT
q=—k (4.10)

A mean distance was determined between the center of mass of the washcoat and
cordierite over which the temperature difference and heat transfer rate were deter-
mined.

Within a rectangular waveguide, operating in the TE;; mode the EM field is

highly constrained, simplifying Equation (4.7) to:

T

B,(x) = Bysin (?) (4.11)

where z is the coordinate along the waveguide width, a. Absorption of microwave
energy in a lossy material is modeled by Equation (4.12). When the dielectric loss

of the material is unknown, Equation (4.13) may be used as an approximation for
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conducting materials.

Py = 2m fege’ B2 (4.12)

rms

Pr = 0 E?

rms

(4.13)

Microwave absorption was modeled based on the catalyst composition of 80 wt.%
Cordierite, 18 wt.% CZO and 2 wt.% Ni nano-particles. Ceramics such as Cordierite
and CZO tend to have very low microwave cross section at room temperature, how-
ever at high temperatures, ceramics can exhibit thermal runaway behavior in an
EM field due to increasing conductivity. Equation (4.13) was used to model the ab-
sorption behavior of Cordierite and CZO, using literature data of their temperature-
conductivity behavior [114, 115]. Ni nano-particles were modeled using Equation
(4.12) with ¢’ = 0.5 £ 0.2 and temperature effects consistent with those observed in
the bulk conductivity [116, 117]. Work by Tang and Lau et al. on the heating of par-
ticles in EM fields demonstrated that F field heating dominates when the skin depth
is much greater than the particle diameter as is the case in this study [118]. A volume
average of the material contributions is used to compute the total power absorbed in
the system. Figure 4.11 shows the temperature behavior of the effective € obtained
for each material as well as the volume weighted composite value. Generally, an €’ of
greater than 0.1 is required to heat a material in a microwave field.

In silica, implementation of the reactor model was performed using Matlab. A
summary of the model parameters are listed in Table 4.5. Discretization of the afore-
mentioned equations was accomplished using finite difference procedures, taking into
consideration truncation error, consistency and the stability of the system. Model-
ing was performed using a forward-difference approach for the time derivative and a
central-difference representation with respect to spatial variables. Gradient functions

within Matlab were found to be slow and produce instabilities; they were re-written
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Table 4.5: Microwave reactor model parameters.

Parameter Value Units
Density of cordierite monolith 356.8 kg m~?
Density of catalyst wash coat 89.2 kg m—3
Catalyst heat capacity 900 Jkg ! K-t
Catalyst thermal conductivity Variable

Insulation density 44 kg m—3
Insulation heat capacity 670 Jkg ! K7t
Insulation thermal conductivity 0.16 Js!'m™ ! K
Quartz density 2200 kg m—3
Quartz heat capacity 670 Jkg ! K-t
Quartz thermal conductivity 14 Js!m 'K
Air density 0.363 kg m~3
Air heat capacity 1001 Jkg ! K7t
Air thermal conductivity 0.064 Js!'m ! K
Monolith surface area for heat exchange 3151 m? m~3
Catalyst-Air heat transfer coefficient 16 Js!m?2K!
Reaction gas velocity 2.45 m st
Annulus gas flow velocity 3.0 m s}
Exotherm (POX to CO, O, basis) 4,700,000 J kg(_);
O9 mass fraction 0.115

Radiative heat loss view factor 0.35

Ar 0.000242 m
Az 0.000251 m
At 0.00005 S

to include difference approximations utilizing 3 or more points. Improved difference
schemes also reduced the order of truncation error from h to h*, where h is the grid
spacing (Ar, Az) with the total truncation error of the order At + h*. The stability
criteria for a 2-D heat equation of aAt[1/(Ar)? + (1/Az)?] < § was utilized to guide
system design [119, 109, 120].

Modeling of the microwave reactor system was performed to obtain steady state
temperature distributions within the catalyst, gas and surrounding structures. Fig-
ure 4.12 shows the temperature distribution within the system, given the parameters
stated in Table 4.5. High temperature gradients are established over short distances
due to the use of a water cooled waveguide surrounding the reaction zone. The front

face of the catalyst is the hottest region, as observed in laboratory work with the ma-
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Figure 4.12: Model of catalytic system under steady state operation with catalyst
temperature superimposed within dashed box. Image is a vertical slice
with gas entering from the top. Exit gas temperature at a thermocouple
position is 658 °C, consistent with experimental results.

jority of the exotherm produced within the first few millimeters as oxygen is quickly
consumed. These results highlight the importance of accurate thermocouple position-
ing within the reaction tube. Slight deviations in the axial or radial position between
experiments can lead to significant deviations in the measured temperature. It is
apparent from this modeling that the catalyst suffers significant heat losses, resulting
in greater than 100 °C temperature gradients across the catalyst.

Of primary interest for this study is the influence of EM irradiation on temper-
ature distributions within the catalyst. As noted, it is difficult to determine the
exact electric field strength within the cavity, thus a range of field strengths, 0 -
10,000 V. m~! were used with the results summarized in Figure 4.13. The model
confirms experimental observations that the system heats readily under EM fields.

Compared to the base case conditions, heating by microwaves can raise the center
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catalyst temperature by greater than 250 °C. Figure 4.13A provides the change in
temperature over base case conditions at three locations. Temperatures measured
on the exterior of the catalyst as viewed by an IR pyrometer would underreport the
actual temperature of the catalyst in this system, providing further evidence that
IR measurements are minimally useful at best. Contour plots of the difference in
temperature between the irradiated catalyst and catalyst under base case conditions
are provided in Figure 4.13C with the greatest temperature increase occurring along
the center line of the catalyst.

At each EM field strength, the volumetric power dissipation was computed for
the model, Figure 4.13B, for comparison with experimental power absorption mea-
surements shown in Figure 4.14A. Calibrations were performed with an empty cavity
to account for dissipation on the walls and within the sliding short circuit of the
waveguide. Based on the experimental power absorption of 2 - 47 MW m™3, the
model predicted electric field strength is 4,000 - 8,000 V m~!, corresponding to a pre-
dicted temperature increase at the catalyst center of 60 - 200 °C. This range of field
strengths is reasonable given the low dielectric loss of the catalyst and the orientation
of the waveguide components. Increases in operating temperatures for the various
conditions are provided in Figure 4.14C. Similar trends in temperature are observed
with the model-data comparison as were obtained by other methods with high initial
temperature increases.

Apart from the analysis of temperature change within an irradiated catalyst, the
system efficiency was evaluated based on the rate of microwave energy absorbed by
the catalyst compared with the Lower Heating Value (LHV) of the feed hydrocar-
bons. Microwave energy accounts for at most, 14% of the feed LHV as shown in
Figure 4.14B. Within the microwave system used in this work, only a small fraction
of the power produced was absorbed by the sample, the remainder being absorbed by

the waveguide and water loads. In an industrial implementation, proper microwave
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cavity design can minimize return losses to couple almost all of the microwave radi-
ation generated into the catalyst. Further economic analysis is needed to determine
if the energy input provides sufficient benefits in the form of increased syngas yield

and decreased deactivation to justify the increased system cost.

4.4 Summary and Limitations

Temperature measurement within a microwave field can be very challenging and
brings into light the uncertainty associated with measuring temperature in any system
in which significant heat losses and heat generation occur simultaneously. Thermo-
couples are generally considered accurate, however heat transfer modeling has shown
that altering the position of a thermocouple a few millimeters can drastically influ-
ence the measured value. Within this work, a series of methods have been presented
to estimate the change in sample temperature when subject to irradiation. A sum-
mary of the aforementioned approaches to estimating the temperature increase of a
reformer operating under ATR and POX conditions is provided in Table 4.6. When
all temperature shift determination methods are viewed together, consistent trends
are apparent in Figure 4.15. It is clear that sample temperatures increase rapidly in
POX systems by around 150 °C and are not subject to further heating above 400 W.
ATR systems experience a linear trend of temperature increase with microwave power

with a rise of sample temperature in excess of 200 °C.
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Considering all of the methods for estimating temperature change within an irra-
diated system, there remains significant uncertainty in the final values. Confidence
intervals remain large due to scatter in experimental data that influences regressed
parameters used for fitting. Error may be reduced by conducting additional experi-
ments. Alternate methods may also be pursued to find other means of temperature
estimation. Within a hydrocarbon processing system with very short contact times,
thermal cracking models may be beneficial. Thermal cracking products are well es-
tablished and models exist to predict product composition at given temperatures and
residence times. Alternatively, there are a variety of reactions in which the kinetic
regime of a lightoff curve may be used to understand the change in temperature under
irradiation, in a similar way as the water-gas shift reaction was used in this work.

Multiple methods have been presented for estimating temperature change within
an irradiated hydrocarbon reforming system subject to significant heat loss. Due to
the inability to use conventional thermocouples and IR temperature measurement
devices, a number of alternate means of temperature determination were developed

and the error associated with each method reported.
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Figure 4.15: Summary of methods for determining temperature change within in ir-
radiated catalyst system under POX (A) and ATR (B) conditions.
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CHAPTER V

Conclusions

Within the body of this work, the influence of microwave-band irradiation on the
performance of hydrocarbon reforming systems was investigated. Model systems con-
sisting of monolith supported catalysts were irradiated while converting mixtures of
propane, ethylene, water and air into hydrogen rich syngas. A novel high tempera-
ture microwave reaction system was constructed to enable the experiments described
in this work. Chapter II examined conditions of partial-oxidation where only air
and water were fed, as well as conditions of autothermal reforming where water is
introduced into the feed. Microwave irradiation was found to effect changes in the
product distributions and carbon deposited during reforming. Further comparisons
between irradiated systems and samples exposed to elevated temperatures within
a furnace demonstrated that not all observed changes duplicated within a furnace
heated environment. Specifically, those alterations to coking behavior and product
distributions that do not match furnace heated samples are termed microwave spe-
cific effects. Partial-oxidation experiments were used to demonstrate the similarity
between furnace and microwave heating by operating under limited O,. The lim-
ited availability of O, greatly constrains operation and the absence of HyO limits
the endothermic energy demand in the downstream portion of the catalyst. Increas-

ing the system temperature by microwave or furnace thus have very similar results.
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Autothermal reforming experiments demonstrate a departure of the irradiated sys-
tem from a traditional thermal behavior. Carbon deposition increases substantially
with temperature in the furnace while remaining constant on the irradiated catalyst.
Conversion of C3Hg indicates a much greater use of the feed and increased steam
reforming activity when irradiated. CO; yield decreases with microwave power, con-
sistent with the water-gas shift equilibrium at high temperatures and possibly due to
the CO, oxidation of carbon deposits to produce additional CO. C3Hg also increases,
consistent with increased oxydehydrogenation activity. Volumetric introduction of
energy acts to raise the temperature of the downstream end of the catalyst, driving
the steam reforming and water-gas shift reactions.

Chapter IIT expands upon the analysis of Chapter II by examining the impact of
irradiation on sulfur poisoned catalysts operating under an autothermal reforming en-
vironment. Irradiation of a sulfur poisoned catalyst reduces the observed cracking and
dehydrogenation products in the efluent while increasing syngas production. Expo-
sure to microwave radiation does not appear to reverse poisoning, rather the volumet-
ric introduction of energy into the downstream portion of the catalyst acts to promote
the steam reforming and water-gas shift reactions. Comparison of carbon deposited
while reforming in microwave and furnace heated environments demonstrates a clear
advantage of microwave heating. Carbon couples strongly to the electro-magnetic
field leading to greater catalyst heating and consequently more efficient preferential
oxidation of carbon, thereby lessening carbon deposition on the catalyst. Samples
exposed to elevated furnace temperatures coke significantly more as the temperature
is increased due to greater production of coke precursors in the catalyst entrance
region. Microwaves have been shown to favorably interact with active hydrocarbon
ref orming catalyst experiencing reduced syngas production due to sulfur poisoning.
Carbon and coke deposition is eliminated and significant gains in syngas production

are observed when irradiated. Volumetric heating of the catalyst increases steam re-
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forming rates without additional coke precursor generation due to excessive entrance
region temperatures experienced under elevated furnace temperature environments.
Within the body of this work, operation under microwave irradiation at high
temperatures within a system of complex geometries prevented the accurate use of
thermocouple or infrared temperature measurement devices. Information on the tem-
perature of a catalytic system is essential to understand its operation and to correctly
predict behavior. Within Chapter IV the following methods for the measurement of
temperature within an electromagnetic field were discussed with respective error anal-

ysis:
e Thermocouple
e Infrared temperature measurement
e Comparison of effluent with equilibrium calculated compositions

e Comparison of irradiated samples to those run under elevated furnace temper-

atures
e Changes in carbon oxidation features
e Use of the water-gas shift equilibrium
e System modeling and model-data comparison

This work has confirmed that microwave frequency radiation can be used to se-
lectively and volumetrically interact with a catalytic reforming system. Carbon was
shown to interact in a favorable way, reducing coking under some conditions. Further,
the activity of the system was altered to produce effects not observed in traditional
thermal cases. The greatest beneficial effects of microwave heating are observed with
the introduction of steam, increasing the endothermic energy demand and leading to

greater syngas production than achievable by traditional furnace heating. Volumetric
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heating appears most suited to applications with large endothermic energy require-
ments in structured catalysts where heat transfer limitations in the cool downstream
region of the catalyst result in slow kinetics.

Microwave heating may be a viable alternative to inter-stage heating in a vari-
ety of endothermic reactions. Future work on this topic may examine one of several
primary areas. Within hydrocarbon reforming systems, it would be beneficial to un-
derstanding the specific source of the effects observed within this work. Research into
the interaction of microwaves with the types of carbon deposited during hydrocar-
bon reforming may be of interest. It is conceivable that many endothermic reactions
within structured catalysts may benefit from the volumetric introduction of energy
due to their traditionally heat-transfer limited nature. The use of structured cata-
lysts also introduces the possibility of designing a catalyst to absorb electromagnetic
energy differentially along its length or radius based on the application of microwave

absorbent materials within the catalyst.
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APPENDIX A

CO Oxidation on Pd/Al,03: Kinetics in the

Absence of Heat and Mass Transfer Effects

The following work is the result of a collaborative project with Ford Motor
Company and is co-authored by Paul M. Laing* and Robert W. McCabe*.
*Chemical Engineering and Emissions Aftertreatment Department, Ford Research

and Advanced Engineering, Dearborn, MI 48121, USA

Abstract

CO oxidation over supported noble catalysts, despite being one of the most highly
studied catalytic reactions is fraught with contradictory kinetic data in the literature,
largely owing to the difficulty of obtaining intrinsic kinetics in the absence of both
washcoat and external phase heat and mass transfer effects. For automotive catalysts,
where CO oxidation controls catalyst lightoff, it is important to enhance kinetics while
minimizing pore diffusion effects in the monolith washcoat. We report for the first
time, kinetics of CO oxidation over a model automotive monolith catalyst free of pore-

diffusion effects. Data were obtained on a single-channel monolithic catalyst coated
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with Pd/Al,O3. Pure chemical kinetics were obtained by operating with low CO con-
centrations at volumetric space velocities of ca 1.5 x 10 h™! (STP), and by utilizing
a small channel diameter, thin washcoat layer of wide-pore alumina, and low Pd load-
ing. Reaction orders of roughly -1 (CO) and 1 (O2) were observed, consistent with
the literature. The apparent activation energy (127.9 + 4.1 kJ mol™!) was near values
reported for the heat of adsorption of CO on Pd surfaces, consistent with Langmuir-
Hinshelwood kinetics dominated by CO chemisorption. Measurements of turnover
frequency (0.021 £ 0.003 @ 445 K) proved similar to literature values for experiments
conducted with negligible heat and mass transfer influence. Additional experiments,
conducted with powder samples of the same Pd/Al,O3 material, demonstrate the
challenges of measuring kinetics in powder systems under automotive exhaust condi-
tions. These results point out advantages of the single-channel monolith reactor for
obtaining kinetics of fast, highly-exothermic catalytic reactions under conditions of
negligible heat and mass transfer influence, and also provide guidance for designing

fast lightoff automotive exhaust catalysts.

Introduction

CO oxidation over noble metal catalysts is one of the most highly studied re-
actions in heterogeneous catalysis, and also of great commercial and environmental
significance due to its importance in automotive exhaust catalysis. With regard to
the latter, Pd is currently the main component of three-way automotive catalysts
(TWCs) utilized for CO and hydrocarbon oxidation, and is typically supported on alu-
mina and/or ceria-containing support phases washcoated onto cordierite honeycomb
monolith substrates. Interest in noble metal catalyzed CO oxidation has spanned the
range from fundamental ultra-high vacuum studies of the surface reaction mechanism
[121, 122, 123, 123, 124] to atmospheric pressure studies [125, 126, 127, 128, 129,

130, 131, 132, 133, 134] focused mostly on experimental and theoretical analysis of
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the more complex manifestations of its reaction kinetics (such as rate oscillations,
hysteresis, and steady-state rate multiplicities) resulting from coupling of surface re-
action kinetics with heat and mass transfer effects. A number of reviews have been
published covering the full range of CO oxidation studies on noble metal catalysts.
Focusing on Pd specifically, a significant body of work has examined CO oxida-
tion under UHV conditions where surface structures can be well-characterized and
coverages of reactant species can be readily controlled and monitored. UHV experi-
ments have provided insight into differences in reactivity between different crystallo-
graphic orientations including differences between terrace and low-coordination sites
(127, 135, 136]. Within this body of work, a wide range of reaction activation en-
ergies have been reported (60 - 123 kJ mol™!) along with differing reaction orders
in CO and Oy [127, 129, 123, 124]. The most important aspect of CO oxidation
under the higher pressure conditions of automotive three-way catalysis is its well-
known inhibition of catalyst lightoff, the temperature range over which the catalyst
transitions from its cold, inactive state to its fully active warmed up operating con-
dition. Oxidation of CO at moderate to high pressures and low temperatures is
characterized by nearly complete coverage of noble metal sites by chemisorbed CO.
As a result of high CO coverage, the measured reaction activation energy, Ea, will
approach the value for AH,4, under conditions of near complete CO surface coverage.
CO adsorption is strong on the noble metal surfaces with values for AH,4, of CO
on Pd ranging from 100 - 145 kJ mol~! with most values reported in the range of
121 - 142 kJ mol ™! [137, 138, 139, 127, 123]. As such, CO oxidation is characterized
by Langmuir-Hinshelwood kinetics over several orders of magnitude in pressure [140].
Mechanistically, CO oxidation occurs catalytically on noble metals via the adsorption
of CO and O, and the subsequent dissociation of adsorbed O™ (possibly assisted by
CO*) before reacting to form CO, [131, 130]. CO is inhibitory in the system [141] and

O* diffusion is rapid compared to the rate of reaction [127]. Overall reaction rates are
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generally agreed to be first-order in Oy and inverse first-order in CO [123, 140, 131].
As the catalyst temperature increases above 390 K, the CO coverage decreases, ac-
companied by a corresponding though smaller increase in O coverage [142, 129]. The
surface coverage, however, of O-atoms remains low at low O2/CO ratios [129].
Taking these effects together, catalyst lightoff in CO-containing gas mixture such
as automotive exhaust is typically thought of as consisting of a low-temperature “ki-
netic” regime, followed by an intermediate temperature regime with rates influenced
by pore diffusion as well as chemical kinetics, and finally, a high temperature regime
dominated by rates of external phase mass transfer. These “controlling” regimes have
been studied in detail for Hy oxidation on model Pt/AlyO3 monolithic catalysts by
Joshi et al. [143]. A significant finding from that study was the inability to completely
isolate the intrinsic kinetics from washcoat diffusion effects for the extremely fast Pt-
catalyzed H, oxidation reaction, despite utilizing space velocities in excess of 1x10°
h~!. The observations of the Joshi et al. study point out a flaw (or at least a con-
founding factor) in the typical evaluation methods for automotive exhaust catalysts
[143]. Catalysts are commonly characterized by their so-called lightoff temperature,
i.e., the temperature at which the conversion of CO and other exhaust species reaches
a specific level, e.g., T(50%) or T(80%). These temperatures usually coincide with a
fast rise in conversion across a narrow temperature range associated with the mixed
regime of reaction rate influenced by intrinsic kinetics, washcoat diffusion, and exter-
nal phase mass transfer, thus making it unclear to what extent kinetic factors (e.g.,
metal loading and dispersion, surface reaction rates) versus diffusion related factors
(e.g., washcoat thickness and mean pore dimensions, monolith channel diameter) con-
tribute to the observed conversions. Add to this the challenge of transferring heat
quickly to the catalyst for fast lightoff, and it becomes clear that the lightoff tem-
perature provides little guidance on the optimal design of a monolithic automotive

exhaust catalyst.
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The goal of the present study was to measure CO oxidation kinetics on monolithic
Pd/Al, O3 catalysts in the absence of heat and mass transfer effects on the observed
rates, thereby gaining insight into the relative importance of intrinsic kinetics versus
heat transfer and diffusional effects across the temperature range of catalyst lightoff.
Experiments were designed to measure intrinsic CO oxidation kinetics under condi-
tions simulating automotive exhaust catalysis. Our results confirmed that intrinsic
kinetics could indeed be measured by following the basic approach utilized by Joshi et
al. [143], but taking advantage of the inherently slower kinetics of CO oxidation and
making further modifications to the catalyst to minimize pore diffusional resistances
in the washcoat layer. In addition, we found that corresponding intrinsic kinetic mea-
surements could not be made on powder catalyst samples due to prohibitive pressure
drop across the catalyst bed at the very small catalyst particle sizes and high flow
rates that would be required to maintain a negligible increase in intra-particle tem-

peratures, relative to bulk gas temperatures.

Experimental

Catalyst preparation

For the purposes of this study, reaction conditions were manipulated to minimize
the effects of mass transfer limitations and reaction exotherm upon the measurement
of kinetic parameters. Two catalyst supports were chosen to examine the effect of pore
structure on measured rates, with the ratio of Palladium mass to support surface area
preserved to maintain equivalent crystallite size and dispersion across samples. The
two Aluminas chosen were Sasol TH100/150 alumina, similar to those commonly used
in automotive washcoat applications, and Sasol TH500 made from the same precursor,
but with a much lower specific surface area and larger mean pore diameter.

Catalysts were prepared in single batches of 0.7 wt.% Pd on TH100/150 alumina
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and 0.2 wt.% Pd on TH500 alumina via incipient wetness impregnation with similar
loadings used industrially. All aluminas were thermally stabilized at a temperature of
800 °C for 3 hours in air before impregnation with an aqueous solution of Pd(NOj)s-
6H50. The catalyst precursor was then dried at 100 °C for 1 hour before calcination
in air 1 hour at 750 °C. Calcination temperatures were chosen to exceed those subse-
quently experienced during reaction, thermally stabilizing the material.

Substrate supported catalysts consisted of the Pd-alumina catalyst material de-
scribed previously washcoated onto blank cordierite monoliths (900 cpsi, 2.5 mil,
Corning). Washcoat slurries were made by sieving catalyst material (5.0 g) to less
than 120 mesh (125 pm), and, combining with Hydroxyethylcellulose (0.17 g), Am-
monium Polyacrylate (0.17 g) and DI HyO (28.3 g). This mixture was placed in a
150 ml polypropylene bottle along with 150 g of 5 mm diameter zirconia grinding
media. The mixture was ball-milled for 30 minutes followed by material recovery and
addition of Acetic Acid to produce a 1 M solution. SEM analysis of the washcoat was
used to find the minimum milling time required to reduce the catalyst material to
less than 10 pm. Monoliths were cut to size before brief immersion in stirring wash-
coat slurry (20 wt.% solids) and subsequent clearing of channels with compressed
air. Samples were dried for 30 minutes at 100 °C followed by 20 minutes at 550 °C.
Washcoat loading was verified by weight and the coating process repeated until the
desired loading was achieved, followed by a final calcination at 600 °C for 20 minutes.

Throughout the study no loss of washcoat adhesion was observed.

Flow reactor description

Experiments were carried out in a vertically mounted furnace in a down flow con-
figuration. Gases were supplied through a series of mass flow controllers (Matheson),
using Airgas primary standard grades of 1.00% CO in Ny, 1.00% O, in Ny, 5.00%

Hs in Ny and UHP Ny. A carbonyl trap consisting of alumina heated to 140 °C was
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employed on the CO feed to prevent contamination. Analysis was performed using a
low range CO analyzer (Horiba 0-1,000ppm) and computer data logging software. A
UEGO sensor was employed to check the oxidation/reduction ratio of the feed. Two
thermocouples were utilized for data logging; one positioned immediately above the
catalyst and a second immediately below. Quartz thermowells were used with 1/16”
thermocouples in 1/4” wide bore tubes. Narrow bore tubes necessitated the use of
1/32” thermocouples without quartz sheathing. Blank runs with exposed stainless

steel showed less then 0.5% conversion at 500 °C.

Reaction conditions

Prepared catalysts were tested for the oxidation of CO under conditions of high
flow and low concentrations to minimize heat buildup and diffusional limitations
in the system. Unless otherwise noted, a gas hourly space velocity of 1,500,000
hr=!) was used with a CO concentration of 500 ppm and O, concen-

3 Cm—S

(Cmgas catalyst

tration of 257 ppm. An O/CO ratio of 1.03 was chosen to ensure complete combustion
of CO while mimicking slightly lean conditions observed in automotive applications.

Monolith supported catalysts prepared for this study are listed in Table A.1. For
each base catalyst material, a high and low level of washcoat was used to probe dif-
fusional resistance. For reference, a typical automotive application will use washcoat
loadings in excess of 1.5 g in™3. As many kinetic studies are performed on powders,
GHSV by weight is reported for each condition. Flux of CO, normalized by the num-
ber of available surface Pd sites as determined by chemisorption provided in Table
A.1, provides a logical upper bound on measured TOFs.

Experiments were performed under constant flow conditions at a ramp rate of
5 °C min~! from room temperature to 400 °C followed by a 1 minute dwell and a
5 °C min~! return to room temperature. System pressure remained under 2 psig

at all times. Results are reported in fractional conversion and turnover frequency.
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Table A.1: Reaction flow conditions at 1,500,000 GHSV over selected Pd/Al,O3 cat-

alysts.
Catalyst Washcoat GHSV  (ecm® CO Flux: mol-
Loading wt.% g..; hr™') CO mol-Pd_ L.
g in?)

0.7wt.%Pd Th100/150  4.0% [0.27] 124,000,000  80.8
0.7wt.%Pd Th100/150  26.6% [1.72] 14,000,000 9.3
0.21wt.%Pd TH500 3.4% [0.17] 147,000,000  289.3
0.21wt.%Pd TH500 25.4% [1.62] 15,000,000  28.75

Activation energy is determined by linearizing the rate equation using data over
conversions of 0.5 - 6.0%. Residuals were observed for signs of trending indicating a
poor fit and 5 - 10 repeats were performed to assure consistency of results. Where
possible, 95% confidence intervals are reported on regressed parameters. Reaction
orders in CO and O, were determined by minimizing error between model-calculated
rates and experimental rate data taken at a constant temperature and varying the
concentration of CO and O,. Experiments were repeated forward and backward with

good agreement between repeats and no apparent hysteresis.

Catalyst characterization

Physical surface area measurements were performed via multi-point BET on a Mi-
cromeritics ASAP2040 instrument using Ny adsorption at 77.3 K and relative pres-
sures of 0.052 - 0.304, post 350 °C degas for 1 hour. Metallic surface area and
dispersion measurements were performed by Hs chemisorption using a Micromeritics
ASAP 2020 instrument. Samples were degassed under vacuum at 300 °C, followed
by reduction in flowing Hy at 600 °C. Measurements were taken at 35 °C, obtaining
two complete isotherms to determine the quantity of strongly adsorbed hydrogen,
thereby calculating the number of exposed metallic sites. Arrhenius rate parameters

were obtained assuming a first-order reaction in Oy and inverse first-order in CO.
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Table A.2: Surface area and dispersion results for Pd/Al,O3 catalysts.

Sample Surface Area m? g=! Dispersion %

TH100/150 116.7

TH100/150 0.7 wt.% Pd 114.8 14.4

TH500 37.0

TH500 0.21wt.% Pd 35.5 16.5
Results

Catalysts were analyzed for their physical and metallic surface areas reported
in Table A.2. Both catalysts achieved similar dispersions, with Hy uptake scaling
in proportion to Pd weight loading. Compared with dispersions achieved from a
nitrate precursor reported elsewhere [144, 128], this study maintained a relatively
high dispersion despite calcining the sample at 750 °C. Higher dispersions may be
obtained by use of alternate precursors such as palladium chloride or acetylacetonate.

Figure A displays the conversion curves and TOF plots for high and low washcoat
loadings of the two representative catalysts. It is significant to note that despite over
an order of magnitude difference in the number of exposed Pd surface atoms, the TOF
curves agree well at low conversion. Ordering of the conversion curves also follow the
expected order of most to least exposed Pd sites present and TOF values asymp-
totically approach the feed CO flux per Pd site. Activation energies across samples
were found to be in close agreement with a value of E, = 127.9 4+ 4.1kJmol™* (95%
confidence interval).

Reaction orders with respect to CO and Oy were determined by varying the reac-
tant concentrations and measuring the steady state rate at low conversion and con-
stant temperature (264 £ 1 °C). The reaction rate was monitored at concentrations of
250 - 1,000 ppm CO and 128 - 515 ppm O, at 1,500,000 GHSV. Oscillatory reaction
behavior on the timescale of several seconds was observed under conditions of 500
ppm CO and 515 ppm Oy with measured CO concentration deviations of + 30 ppm

CO. Oscillations in CO oxidation have been well described in literature [145, 146, 147].
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Table A.3: Activation energy for the oxidation of CO over Pd.
Reference: System:  Ea (kJ mol™!)
This Study Pd/Al,O5 1279 + 4.1
Kieken 1993 [125] ~ Pd/Al,0; 107
Landry 1990 [126] Pd/Al,O; 112
Hoffman 2002 [127] Pd/ALO; 60
Berlowitz 1988 [121] Pd(110) 109

Logan 1992 [122] Pd(100) 113

Szanyi 1994 [123]  Pd(100) 1229
Szanyi 1994 [148]  Pd(111)  117.5
Engel 1978 [124] Pd(111)  104.5
Wang 2010 [128] Pd/Si0,  98.4 - 133.8
Xu 1993 [129] Pd/Si0;  96.1 - 112.9
Wang 2010 [128] Pd/SiO,  36.7

Oscillatory behavior was not observed at any other conditions, however due to the
analyzer used in this study, short timescale fluctuations are not observable. An Ar-
rhenius kinetic model was used in data analysis to correct for slight (4 2 °C) variation
in temperature between measurements. Overall reaction order was determined to be
first order in Oy and inverse first order in CO, consistent with those established in
other non-UHV experimental settings. Results are consistent with a system where

CO coverage remains high at low conversions, limiting the rate of reaction.

Discussion

Kinetic analysis of fast and highly exothermic reaction systems such as Hy and
CO oxidation are frequently plagued by issues of slow mass transfer and heat buildup
within particles. To gain insight into the relative significance of these phenomena,
several dimensionless groupings may be beneficial.

Activation energies obtained for the oxidation of CO are presented in Table A.3.
Significant disagreement exists among reported values, highlighting the difficulty in
obtaining accurate kinetics in this system. Results of this study are on the higher end

of reported values, consistent with obtaining kinetic parameters at high temperatures.
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Table A.4: TOF values for the oxidation of CO over Pd systems.

Reference: System: Temp. K TOF:

This Study Pd/Al,O4 445 0.021 £ 0.003
Kieken 1993 [125] Pd/Al,O4 445 0.03

Landry 1990 [126] Pd/Al;,O4 445 0.035

Logan 1992 [122] Pd(100) 445 0.036
Berlowitz 1988 [121] Pd(110) 445 0.033

Szanyi 1994 [123] Pd(100) 445 0.15

Szanyi 1994 [148] Pd(111) 445 0.09

This Study Pd/Al,O4 450 0.032 £ 0.004
Ladas 1981 [137] Pd/Al,O4 450  0.012 £ 0.005
Matsushima 1976 [141] Pd/SiO, 450 0.030 £ 0.030

Turnover values are reported in Table A.4 for Pd, CO oxidation systems at 445
and 450 K. Results of this study are in agreement with those reported elsewhere.

Among the various controlling regimes in CO oxidation, the measurement of dif-
fusion within the washcoat is generally the most challenging to ascertain with any
degree of certainty. Diffusion within the washcoat when operating in a washcoat
limited regime can be related to the slope of the conversion vs. temperature curve
through intermediate values of conversion. Weisz-Prater parameters were calculated
for high and low washcoat loadings of 0.7 wt.% Pd TH100/150 catalysts in Table A.5.
Based on this analysis, no significant pore diffusional limitations are expected within
the various samples. Experimentally, this was confirmed by observing the slope of the
conversion vs. temperature curve for similar samples (2 wt.% and 25 wt.% washcoat)
over a defined range of X = 0.45 — 0.55 where, pore diffusion effects are deemed
significant. Figure A jIn pdf, shows as Figure D, not D.2; contains the measured
slopes and 95% confidence intervals obtained experimentally. Statistically, there is
no difference among the measured slopes at this confidence level, consistent with a
lack of pore diffusion limitations within the system.

One shortcoming of the above method for determining the impact of washcoat
diffusion limitations is the comparison of conversion curve slopes obtained at differ-

ent temperatures. To more accurately compare samples with significantly different
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Table A.5: Weisz-Prater parameter at 540 K. Systems are considered to be free of
diffusion limitations when ¢ < 1.

Sample: Weisz-Prater Parameter: ¢
4 wt.% of 0.70 wt.% Pd TH100/150 0.09
26 wt.% of 0.70 wt.% Pd TH100/150 0.21
0.02
X 1 b ol ==
0.018 ﬁ ﬁ - T
0.016 il L ! .
— 0.014
5 0012
S 001
L 0.008
o
v 0.006
0.004
0.002
O T T T 1
2 wt.% of 25 wt.% of 2 wt.% of 25 wt.% of
0.21 wt.% Pd 0.21 wt.% Pd 0.7 wt.% Pd 0.7 wt.% Pd
TH500 TH500 TH100/150 TH100/150

Figure A.2: Slope of the conversion vs. temperature curve for samples over a defined
range of X = 0.45 — 0.55. GHSV of 1,500,000 (cm},, cm_? hr=1),

catalyst
CO concentration of 500 ppm and Os concentration of 257 ppm.
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Table A.6: Catalysts used for aligning conversion curves over different washcoat thick-
nesses: 0.7 wt.% Pd TH100/150 catalyst material.
Washcoat loading Blank Alumina / Catalyst dilution ratio Catalyst mass
8.8 + 0.5 wt.% 0/1 0.00728 g
45 + 5 wt.% 73 /1 0.00681 g

loadings of precious metal and washcoat requires aligning the light off of those sam-
ples; else the Arrhenius nature of the change in rate with temperature dominates. To
accomplish this, samples were produced with identical loadings of catalyst, but with
varying levels of washcoat by using blank alumina as afiller. Samples listed in Table
A.6 were run under conditions of 500 ppm CO, 257 ppm O, and a CO flux of 4,110
mol-CO per surface mol-Pd per second with a 9 cell (3 by 3) monolith sample 1”
long. Light off curves for the samples listed in Table A.6 are shown in Figure A. The
observed difference in high temperature conversion can be partially accounted for by
the slight difference in catalyst loading, however even on a TOF basis, there remain
differences in the bulk mass transfer limit that will propagate into measurements of
the washcoat diffusion regime slope. Increased bulk mass transfer limitations are sus-
pected to result from increased backpressure in the thick washcoat sample, causing an
increase in bypass of the primary sample channels. At this point, further experiments
with a modified system design are necessary to obtain more precise experimental
measurements. An alternative to additional experiments is the greater use of mod-
eling tools to capture the bypass behavior and use the existing experimental results
to understand washcoat parameters. Due to time constraints, further experimental
work on this avenue of study was not completed.

High space velocities have been utilized in this study as a means to push CO
light off to higher temperatures than are typically studied. Use of high space veloci-
ties also introduces additional mass transfer limitations in the form of an upper bulk
mass transfer limit illustrated in Figure A.4 for a first order system. Bulk mass trans-

fer limitations primarily influence the system behavior at high temperatures, however
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and 257 ppm O,. Thick and thin washcoat loadings are 45 £+ 5 wt.% and
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Figure A.4: Sample conversion curves for a first-order system demonstrating the ef-
fects of various mass transfer limitations on conversion curves: generated
by Paul Laing.

the effects of bulk mass transfer also influence the kinetic regime. Modeling by Paul

Laing at Ford Motor Company was used to quantify the effect of bulk mass transfer

limitations on measured activation energies in systems similar to those being studied.

Bulk mass transfer limitations in monolith systems were found to decrease the mea-

sured E, by 2.6 %, well within the uncertainty of measurement for the experimental

system.

Conclusions

Measurements of reaction kinetics for the fast and highly exothermic oxidation of
CO have been successfully performed in a monolith based system, where the effects
of mass transfer limitations have been minimized to within the experimental error

of measured parameters. Activation energies and turnover frequencies are in general
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agreement with those reported in literature and the reaction order was found to
be consistent with high CO surface coverage, even at high temperatures. Initial
results examining the impact of pore diffusion within the washcoat indicate little to
no effect of washcoat thickness or alumina type on system performance. Additional
experiments and analysis are required to gain a more full understanding of the impact

of washcoat thickness and composition on catalyst lightoff and operation.
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APPENDIX B

Technology Disclosures and Patents

Initial research into the use of microwave frequency radiation to influence cat-
alytic systems led to the declaration of 3 University of Michigan technology disclo-
sures around the interactions of microwaves with catalytic reforming systems. Those

disclosures were titled:

e Process using Microwave energy to remove carbon from the surface of a reform-

ing catalyst
e Microwave Assisted NOx Abatement
e Process using microwave energy to remove sulfur from a reforming catalyst

Based off of the above disclosures, the filing of a patent application Use of Microwave
Energy to Remove Contaminating Deposits from a Catalyst was pursued and is pend-

ing [US 2011/0118105 A1]: [149]. Figure B.1 shows the first page of the patent.
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Figure B.1: Patent Application: Use of Microwave Energy to Remove Contaminating
Deposits from a Catalyst US 2011/0118105 A1l.

a9 United States
a2) Patent Application Publication (o) Pub. No.: US 2011/0118105 A1l

Schwank et al. 43) Pub. Date: May 19, 2011
(54) USE OF MICROWAVE ENERGY TO REMOVE Publication Classification
CONTAMINATING DEPOSITS FROM A (51) Int.CL
CATALYST BO1J 38/12 (2006.01)
B01J 19/08 (2006.01)
(75) Inventors: Johannes Schwank, Ann Arbor, MI gg}%gjﬁz gggggg
Lake, MI (US) (52) US.CL . 502/38; 422/186; 429/479; 502/34;
502/53
(73) Assignee: The Regents of the university of (57) ABSTRACT

Michigan, Ann Arbor, MI (US)

The disclosure relates to apparatus, systems, and methods (a)

for performing catalytic reactions using a fixed-bed catalyst

(21) Appl. No.: 12/927,526 (e.g., packed particulate bed or catalyst supported on a mono-
lithic substrate) and (b) for regenerating the catalytic activity
of the catalyst. An autothermal reformation (ATR) reaction
system is described for illustrative purposes, although the
apparatus, systems, and methods can be applied more gener-
Related U.S. Application Data ally to other catalytic cracking/reformation reaction systems

and other catalytic reaction systems, in particular reaction

(60) Provisional application No. 61/262,239, filed on Nov. systems in which carbon-based and/or sulfur-based catalyst

18, 2009. contaminants are produced during system operation.

(22) Filed: Nov. 17,2010
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APPENDIX C

Mass Spectrometer Calibration

As described in section 2.2.6, an online Mass Spectrometer (MS) was utilized to
obtain information on the concentrations of species exiting the reactor system. Mass
spectra were obtained over a range of m/z = 1:50, this data was then combined with
an adaptive spectral deconvolution program to obtain mass fractions of Hy, HyO, O,
N,, CHy, CyH,, CoHy, CoHg, C3Hg, C3Hg, CO, CO,, and Ar in the efuent. Electron
ionization mass spectrometers can be difficult to calibrate due to the tendency for
the sum of the ionization intensities to change based on changes in gas composition,
leading to a non-unity sum of mole fractions. Another more difficult challenge to
address is the overlap in spectra of the various species to obtain relative ionization
intensity values (the relative number of ions generated for each species entering the
MS). Figure C.1 is the electron ionization mass spectra from NIST for the afore
mentioned species, assigning each a relative intensity of 1,000 for the major peak
(97, 95]. Relative electron ionization intensities were obtained by combining the NIST
spectral data with experimental mass spectra for a known gas composition similar to
that expected from the reactor. A constrained matrix optimization routine was used
to find the values of relative ionization intensity that combined with the NIST data

and known mole fractions could reproduce the experimental mass spectra. Table C
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Table C.1: Relative Ionization Intensities obtained for this study.

Species Relative Intensity
Hydrogen 10.6
Water 96.6
Methane 63.1
Oxygen 85.0
Nitrogen 48.2
Ethane 376.4
Ethylene 156.5
Propane 125.0
Propylene 24.4
Carbon Monoxide 230.0
Carbon Dioxide 40.0
Argon 50.0
Acetylene 40.0

provides the relative ionization intensities obtained and used in this study. Once the
relative ionization intensities are known the inverse matrix operation is performed
to obtain mass fractions for the effluent gas given the relative ionization intensities,
NIST data and experimental mass spectra. Results were monitored for poor fitting

by tracking residuals for each m/z.
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APPENDIX D

Experimental Error Analysis

Unless otherwise noted, all experiments have been verified by repetition of proce-
dure to assure the validity of results. Error analysis on reported mole fractions, yields
and conversions are calculated by Standard Error (SE;) between sample results as
well as by propagation of error, with the greater of the two values reported. The
equation used to calculate SFEj; is given in Equation (D.1) where T is the mean value,

x is the sample value and n the sample size.

sp, = Y2u@—op (D.1)

Propagation of error was performed using the standard method outlined by D.
Harris [150], examining the sources of error that could contribute to observed dif-
ferences in reported mole fractions, yields and conversions. Table D.1 contains the
values for error from the various contributing sources. Assuming a linear relationship
between the described variables as a first approximation, total error on a measured
mole fraction is £ 7.4% of the measured value. The corresponding error for yields

and conversions are 4 7.8%.
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Table D.1: Propagation of error: Contribution of error from reactor system compo-

nents.
Contributing Process: Error &= Source of error:
Gas Mass Flow Controllers (rate) V3% 3 flow controllers at +1% each
Liquid Flow Controller (rate) 2% Dispensing uncertainly
Catalyst Sample Weight 3.2% Variation across monoliths
MS concentration 6.1% Error in spectral deconvolution
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